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FOREWORD

This report is submitted in accordance with Article IT, Para-
graph D, of Contract NAS7-754 dated July 24, 1969. The report
consists of two volumes. Volume I covers Phase I of the investi-
gation. This volume (Vol II) covers Phase II, which was conducted
during the period from April to August 1970.

The following Martin Marietta personnel made technical con-
tributions to this portion (second phase) of the program. Dr.
Ralph E. Hise, James R. Tegart, G. Robert Page, Thomas J. Cassidy,
and Preston E, Uney. Mr. Dale A. Fester directed the technical
effort.

The work was administered under the technical direction of
Mr., Robert Lem of the Jet Propulsion Laboratory., Mr. Howard L.
Paynter, Subsystems Technology Section Chief, Propulsion Research
Department, served as the Martin Marietta Program Manager.

An experimental assessment of the Martin Marietta "Fruhof"
propellant acquisition concept for low-gravity environment appli-
cations was conducted to support the design of this system. A
color-film summary of the experimental results can be obtained
from Mr. Lem.
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SYMBOLS

acceleration, ft/sec?

Bond number, dimensionless

bubble point, psf

pore diameter, ft

settling distance, ft

diameter, ft

Galileo number, dimensionless

liquid height, ft

post height, ft

tank length or characteristic dimension, ft
pressure, psfa

capillary retention pressure differential, psf
hydrostatic pressure differential, psf
summation of adverse pressure differentials, psf
tank radius, ft

standpipe radius, ft

pore radius, ft

radius of curvature of spherical interface, ft
principal radii of curvature, ft

settling time, sec

liquid impingement velocity, fps

volume, fr3
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Weber number, dimensionless

kinematic surface tension (0/p), ft3/sec?
radius ratio, dimensionless
liquid-to-solid contact angle, deg

natural frequency parameter, dimensionless
kinematic viscosity, ft2/sec

open-to-total area ratio, dimensionless
density, lbm/ft3

liquid/gas surface tension, lbf//ft
settling factor, dimensionless
acceleration to capillary force ratio, dimensionless

natural frequency, 1/sec?

gas
liquid

test liquid
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SUMMARY

A two-phase program was conducted to investigate space storable
propellant acquisition devices for three baseline missions, includ-
ing two l-year Mars Orbiter missions and a 10-year Grand Tour mis—
sion to the outer planets. The spacecraft for the latter mission
uses a nitrated hydrazine monopropellant while one Mars orbiter
uses the OF,/BoHg space storable combination and the other uses
N,0y and MMH Earth storables.

During Phase I, current propellant acquisition techniques,
possible propellant tank configurations, and helium versus nitro-
gen stored—gas pressurization were evaluated for each mission.
The preferred combination of subsystems was then selected and
recommended. Surface tension devices were clearly shown to be
the best propellant acquisition method for all three missions.
Results of the Phase I subsystem evaluation and selection are
presented in Volume I of this report.

Detailed analyses and designs of the recommended and approved
surface tension propellant acquisition systems were made for the
three baseline missions during Phase II., Two basic approaches
were used in making the designs. The first approach required that
the surface tension system be testable under minus 1 g, i.e., gas-
free liquid expelled from the inverted, full-scale propellant
tank against the gravity vector. Under the second approach, the
surface tension system was designed to perform reliably under the
low-g operational environment only. Various surface tension con-
cepts were considered in order to provide the best concept for
each mission.

Results of the Phase II design and analysis are presented in
this volume. Based on the surface tension designs, the Fruhof
low-gravity propellant acquisition concept is preferred for each
baseline mission. The inherent simplicity, reliability, temper-
ature insensitivity, and attractive compatibility characteristics
make this system preferable to fine-mesh screen trap designs if
testing under minus 1 g is not a requirement.
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I. INTRODUCTION

This investigation of space storable propellant acquisition
devices was conducted by Martin Marietta Corporation under the
direction of the Jet Propulsion Laboratory as part of the NASA's
Advanced Technology Program to provide propulsion systems for
post—1975 unmanned missions to Mars, Jupiter, and the outer plan-
ets. Program objectives were to:

@ Investigate the utility of current (developed or under
development) propellant acquisition devices for use in
advanced spacecraft applications;

& Recommend acquisition modes, pressurization subsystems,
and propellant tank subsystems for three specific baseline
missions;

® Complete detailed designs of the selected propellant acqui-
sition devices for each baseline mission.

Two general mission requirements were considered: flights to
Mars that include midcourse, orbit insertion, and orbit trim ma-
neuvers; and a multiple planet fly-by, or Grand Tour mission, in-
cluding a number of midcourse maneuvers.

The problems associated with propellant orientation and con-
trol during zero g (well publicized in the literature) were the
primary concern of this study. As a result, the investigation,
selection, analysis, and design of the propellant acquisition
devices received the major emphasis. The acquisition subsystem
was the determining factor in selecting the preferred propulsion
system (which also included pressurization and tankage subsystems)
for each of the three missions.

The program was conducted in two separate phases (Fig. I-1).
During Phase I, the mission criteria and study guidelines were
established and the Project Work Plan (Ref I-1) was prepared.

An extensive survey was conducted to collect background informa-
tion and data on each of the three propulsion subsystems. This
survey included literature searches and personal contact with
government agencies, aerospace companies, and vendors. No new

propellant acquisition methods were found except for the capillary/

bellows concept devised under Contract NAS9-8939 (Ref I-2). The
capillary/bellows device was evaluated further during this program
under Task VIII. Information on material compatibility with the
baseline propellants was also compiled (Ref I-3 and I-4).
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Phase I system evaluation and selection consisted of five major
tasks (Fig. I-1), in addition to the separate capillary/bellows
evaluation previously mentioned. During Task I, a preliminary
rating system was formulated for a comparative evaluation of pro-
pellant acquisition concepts. During Task II, background infor-
mation, design criteria, and operational characteristics of pro-
pellant acquisition, pressurization, and propellant tank subsystems
were compiled and analyzed. The resulting information and data,
together with the preliminary rating technique (Task I), were used
in the comparative evaluation conducted during Task III. Based
on these comparisons, the best propulsion subsystems were selected.
The pressurization and tankage subsystems were selected from weight,
efficiency, and reliability comparisons and their effect, if any,
on the propellant acquisition subsystem. The latter was selected
by using the rating system. The preferred subsystems were then
subjected to further evaluation (Task IV) where possible changes
to the baseline Mars and Grand Tour missions were considered.

The selected propulsion systems were recommended to JPL for ap-
proval (Task V) in April, 1970, to conclude Phase I. A brief sum-
mary of the results of Phase I [as presented in Volume I of this
report (Ref I-5)] follows.

The propellant acquisition concepts that were evaluated in-
cluded surface tension devices, polymeric and metallic bladders
and diaphragms, bellows, dielectrophoretic systems, main engine
start tanks, external propellant settling systems, and the capil-
lary/bellows device. Surface tension devices clearly rated best
and were recommended to JPL as the preferred acquisition method
for each mission. 1In evaluating the propellant tank subsystems,
the number of tanks, size, geometry, materials, and type of con-
struction were considered. For the two bipropellant (N,0,/MMH
and OF,/ByHg) Mars orbiters evaluated, two spherical, all-metal,
propellant tanks were selected. For the monopropellant (nitrated
hydrazine) Grand Tour spacecraft, the single tank recommended
was metal and spherical. Type of pressurant (helium or nitrogen)
and storage and operating conditions were considered in evaluating
the pressurization subsystem. The assessment showed that helium
pressurant provided advantages over nitrogen for both of the sep-
arately-stored Mars orbiter subsystems and for the Grand Tour
blowdown pressurization mode. A single-pressurant storage sphere
was recommended for the Mars missions with helium stored at the
nominal propellant temperature under an initial pressure of 4000
psia.

During Phase II (Fig. I-1), detailed analyses and designs were
made of the recommended and approved surface tension propellant
acquisition systems for the three reference missions (Task VI).
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The Phase II objectives, mission criteria, and study guidelines
are outlined in Chapter II. A brief discussion and state-of-the-
art review of surface tension propellant control devices is pre-
sented in Chapter III. The design and analysis for each of the
fine-mesh propellant acquisition systems are included in Chapter
IV; the so-called "Fruhof" systems that do not use fine-mesh
foraminous material are detailed in Chapter V. Conclusions and
recommendations are discussed in Chapter VI; references are listed
in Chapter VII.
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ITI. OBJECTIVES, MISSION CRITERIA, AND STUDY GUIDELINES

A. PROGRAM OBJECTIVES

The objectives of Phase II were to make detailed designs of
the selected surface tension propellant acquisition systems for
each of the three spacecraft missions and to conduct supporting
analyses.

B. MISSION CRITERIA

The three baseline planetary missions are designated as Mis-
sions Aj;, Ay, and B. Missions A; and Ay are Mars missions with
a baseline spacecraft of the advanced Viking-type orbiter,
launched by a Titan IIID/Centaur. ‘A typical spacecraft configu-
ration is shown in Figure II-1. Mission A; uses space storable
propellants, oxygen difluoride (OF,) and diborane (BoHg) » and Mis-
sion A, uses Earth storables, nitrogen tetroxide (N,0,) and mono-
methylhydrazine (CH3No,Hz or MMH). The more energetic space stor-
ables provide an increase in specific impulse over the Earth
storables, and appear to be the logical choice for the next gener-
ation of ummanned, planetary, spacecraft propulsion systems since
increased payload capability can be realized from the lower pro-
pellant requirement.

Mission B is the Grand Tour multiple planet mission to Jupiter,
Saturn, Uranus, and Neptune. The baseline spacecraft configuration
(Fig. II-2) uses the monopropellant 75/25 (wt %) hydrazine/hydra-
zine nitrate (NoH,/N,HgNO3) and is launched by a Titan IIID/Cen-—
taur/Burner II (1440).

The basic mission and propulsion system criteria are presented
in Volume I; however, additional criteria were defined at the
start of Phase II design effort. The selected and approved pro-
pulsion subsystems were used as the baseline configurations. The
design criteria and propulsion systems are discussed in the fol-
lowing paragraphs.

II-1
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1. Mission Description

a. Missions A; and A, - The Mars Orbiter Mission includes a
groundhold period of up to 30 days prior to launch aboard the Titan
IIID/Centaur. Transit time to Mars is 180 days, followed by in-
sertion into a 24-hour elliptical Mars orbit. The maximum Mars
orbiting requirement is 90 days. The baseline mission propulsion
events (Table II-1) include two midcourse corrections, orbit in-
sertion, and three orbit trims. The possibility of additional or-
bit trim burns was also considered in the design of the acquisition
subsystems.

&

ey

During coast periods, the reaction jet attitude control system
(ACS) maintains the spacecraft on celestial references with the
sun on the roll axis, and a star aligned on the star-sensor bore=-
sight axis. Prior to each main engine burn, the spacecraft is
maneuvered by the ACS to provide the desired thrust axis orienta-
tion. This is accomplished by switching from celestial to inertial
reference and performing a roll maneuver to align the pitch thrust-
ers, Next, a pitch maneuver is used to align the thrust axis and
another roll is conducted to point the maneuver antenna toward
Earth. These attitude changes are executed in reverse order after
each main engine burn to reacquire the celestial reference. The
mission acceleration enviromment, associated with the various man-
euvers, coast periods, and propulsion events, is summarized in
Table II-2.

b. Mission B — The multiple planet Grand Tour Mission may in-
clude flybys of Jupiter, Saturn, Uranus, and Neptune. Total mis-
sion time is approximately 3500 days. The nine midcourse propul-
sion events are presented in Table II-3. The first course correc-
tion maneuver occurs 10 days after launch; the last engine burn
occurs 3272 days after launch. Expected nominal plus three-sigma
velocity increments for the propulsion events are shown in the
table. The total (nominal plus 30) velocity requirement is approx-—
imately 320 meters per second.

The ACS for the spacecraft performs the same functions as those
described earlier for the Mars orbiter ACS:; however, attitude con- i

.trol for this mission is provided by a reaction jet system in com~

bination with a momentum wheel. The mission acceleration environ-
ment is presented in Table II-4,



Table II-1 Propulsion Event Sequence for Missions A; and A,

Mission A, Mission A,
Event Time | Propellant | Burn Burn | N,0
[days from | Load Ex- | Time ?EZ B%E6 Time qu ?gH
Event Taunch (L)] | pended (%) | (sec) ( m) ( m) (sec) (1 m) ( m)
First Midcourse L+5 0.6 2.5 4.86 1.62 8.3 5.2 3.35
Second Midcourse L + 160 0.6 2.5 4.86 1.62 8.3 5.2 3.35
Orbit Insertion L + 180 95.0 395.0 [769.5 |256.5 |1317.0 |828.5 (534.0
First Orbit Trim L + 181 1.3 5.4 10.53 3.51 18.0 | 11.3 7.3
Second Orbit Trim L + 225 1.2 5.0 9.72 3.24 16.6 | 10.5 6.7
Third Orbit Trim L + 270 1.3 5.4 10.53 3.51 18.0} 11.3 7.3

TLT~-0L-8DR

¢-I1
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Table II-2 Acceleration Environment for Missions A; and A,

Mission Phase Acceleration Duration
(9) (sec)
Boost 3.8 -
Main Engine Burns
Mission A,
Initial 0.133 -
Final 0.156 -
Mission A,
Initial 0.0400 -
Final 0,0495 -
Deep Space and Mars Orbit 10-7 -

Celestial/Inertial Attitude Control
Deadband Thrust
Before Orbit Insertion

Pitch/Yaw 5.6x107> 0.53
Ro11 2.6x1075 1.14
After Orbit Insertion
Pitch/Yaw 6.5x107> 0.46
Roll 2.7x107°5 1.09
Deadband Coast
Celestial <108 <960
Inertial <1078 <330

Maneuvers before and after Main
Engine Burns

Attitude Control Thrust
Before QOrbit Insertion

Pitch/Yaw 5.6x107> 7
Rol1 2.6x107°> 15
After Orbit Insertion
Pitch/Yaw 6.5x107° 6
Rol1 2.7x10"° 14
Rotation Coast at Constant Angular 1076 <500 (first roll)
Velocity <800 (pitch)

<250 (second roll)
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Table II-3 Propulsion Event Sequence for Mission B

Event Time Propellant. Max imum Max imum
[days after Load Expended Burn Time | Propellant Mass
Event Taunch (L)) (%) (sec) (]bm)
Post-Launch L +10 10.00 138 13.5
Pre-Jupiter L + 493 2.22 31 3.0
Post-Jupiter L + 531 5.49 75 7.4
Pre-Saturn L + 1087 3.93 54 5.3
Post-Saturn L + 1116 34.15 468 46.1
Pre-Uranus L + 2310 10.89 150 14.7
Pre-Uranus L + 2331 4.15 57 5.6
Post-Uranus L + 2360 20.73 285 28.0
Pre-Neptune L + 3272 8.44 115 11.4

I1-7
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Table II-4 Acceleration Environment for Mission B

, Acceleration Duration
Mission Phase (g9) (sec)
Boost 3.8 -
Main Engine Burns
Initial Level 0.022 -
Final Level 0.025 -
Deep Space 1077 -
Celestial/Inertial Attitude Control
Deadband Thrust
Momentum Wheel
Pitch 3x10-° 0.06
Yaw/Ro11 15x1077 1.33
Reaction Jet
Pitch 3x10™% 0.006
Yaw/Rol1 15x1076 0.133
Deadband Coast
Momentum Wheel <10710 < 2,000
Reaction Jet <1070 < 10,000
Maneuvers before and after Main
Engine Burns
Attitude Control Thrust
Momentum Wheel
Pitch 3x107° 6
Yaw/Ro11 15x1077 117
Reaction Jet
Pitch 3x10~* 0.6
Yaw/Ro11 15x1076 12
Rotation Coast at Constant
Angular Velocity 2.5x10-7 | <500 (first roll)

<800 (pitch)

<250 (second roll)




MCR-70-171 II-9

2. Propulsion System Description

The propulsion systems for the three missions (used as refer-
ence configurations in the design of the surface tension propellant
acquisition subsystems) reflect the selections made as a result of
the Phase I evaluation. The system criteria are summarized in
Table II-5. The variation in density and surface tension of the
propellants over the temperature range of interest, together with
the change in propellant tank initial ullage over the same range
of temperature, are presented in Table II-6. The propulsion sys—
tems are discussed by mission in the following paragraphs.

a. Mission A; - The propulsion system schematic for the space-
storable Mars Orbiter is presented in Figure II-3, The system in-
cludes helium pressurant stored at the nominal propellant tempera-
ture of 250°R with an initial pressure of 4000 psia in a single,
metal sphere constructed of 6A2-4V titanium; two 2219 aluminum
spherical propellant tanks (one for OF, oxidizer and one for ByHg
fuel): and an aluminum surface tension propellant acquisition sys-
tem in each propellant tank. The propulsion system is oriented
with tank outlets pointed toward Earth during launch. The probable
packaging arrangement for the Viking Orbiter propulsion system en-
velope is shown in Figure II-4,

Because of the low storage temperature, a thermal protection
system is required for the propellant and pressurant tanks to off-
set environmental heating and to maintain these commodities between
210 and 280°R. An insulation shroud with louvers on both the sun
and shade sides was assumed. If required, solar heating could be
used to raise the temperature with heat radiated to space to lower
propellant and pressurant temperature. Thermal criteria are pre-
sented in Table TI-7.

b. Mission A, - The propulsion system schematic for the Earth-
storable Mars Orbiter is presented in Figure II-5. The system em—
ploys helium pressurant stored at the nominal propellant tempera-
ture of 500°R with an initial pressure of 4000 psia in a single,
6AL—-4V titanium sphere; two spherical 6AL=4V titanium propellant
tanks (one for N,O, oxidizer and one for CH3NyHz fuel); and a ti-
tanium surface tension propellant acquisition system in each pro-
pellant tank, The propulsion system is oriented with tank outlets
pointed toward Earth during launch. Packaging in the Viking Or-—
biter propulsion system envelope would be similar to the Mission
A, system shown in Figure II-4,
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Table II-5 Propulsion System Criteria

Mission
A; A, B

Propellants OF,/BoHg | NyOy/MMH | 75/25-N,H,/NoHgNO3
Propellant Temperature (°R)

Range 210-280 500-580 475-575

Nominai 250 500 500
Mixture Ratio 3.0 1.55 -
Isp(vac)(]bf-sec/lbm) 385 290 255
Thrust (1bf) 1000 300 25
Chamber Pressure (psia) 100 100 100
Propellant Tank Pressure (psia) | ~350 2350 350 (initial)
Thrust Vector Control Gimbals Gimbals Gimbals
Number of Burns 6 6 9
Total Impulse (Ibf—sec 400,000 400,000 33,000
Minimum Impulse Bit (1bf-sec) 400 400 1.0
Spacecraft Mass (1bm>

Wet 7500 7500 1124

Dry 6420 6066 989
Propellant Mass (1bm 810/270 872/562 135
Propulsion Envelope (ft3) 198 198 22
Propellant Tanks

Number 2 2 1

Geometry Spherical|l Spherical Spherical

Material 2219 As 6AL-4V Ti 6AL-4Y Ti

Initial Ullage (%) ~10 210 50

Propellant Margin 4% 4% 30

Volume (ft3) 9.92 11.25 3.86

Diameter {in.) 32.0 33.33 23.35
Pressurant Helium Helium Helium
Pressurant Temperature (°R) Same as Propellants
Initial Storage Pressure (psia)| ~4000 24000 2350
Pressurant Tanks .

Number 1 1 -

Geometry Spherical|{ Spherical -

Material 6A2-4V Ti| 6AL-4V Ti -

Volume (ft3) 2.68 2.38

Diameter (in.) 20.7 19.9

Propellant Acquisition

Surface Tension System
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Table II-6 Variation of Propellant Properties and
Propellant Tank Initial Ullage with Temperature

Temperature | Density (1bm/ft3) Surface Tension (1bf/ft) Initial Ullage (%)

(°R) 0x Fuel 0x Fuel 0x Fuel
Mission A; OF, Oxidizer & B,Hg Fuel

210 98.0 32.2 1.29x10-3 1.73x10-3 16.7 15.7

250 (nominal) 92.3 30.3 0.92x1073 1.43x1073 11.5 10.0

280 87.0 29.1 0.67x1073 1.21x10-3 6.2 6.5
Mission A, N,0, Oxidizer & MMH Fuel

500 (nominal) 92.5 55.6 2.02x1073 2.46x1073 16.2 10.0

525 90.5 54.8 1.85x1073 {1 2.37x10°3 14.3 8.9

580 85.6 53.0 1.78x10-3 2.22x10°3 9.5 5.8

Mission B 75/25-N,H,/N,HsNO3 Monopropellant

475 70.5 4,05x10-3 50.3

500 (nominal) 69.8 3.84x10-3 50.0

575 67.8 3.30x10-3 48.5
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OF,

Filter
Regulator
Pressure Transducer

Check Valve
Temperature Transducer

Expiosive Valve, Normally Open (N/0)
Normally Closed {N/C)

Manual Valve with Capped Port
Burst/Relief Valve

Trim Orifice

Three-Way Solenoid Valve with Vent
to Space

Pressure Operated Valve

Pressure Operated Bipropellant Valve

Thrust Chamber

Figure II-3 Propulsion System Schematic for Mission A;
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Propulsion
System
Envelope

Thermal Shield

1000-1b Thrust
Pressure-Fed
Engine

Figure II-4 Propulsion System Arrangement
(Typical) for Mission Ay
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Table II-7 Mission A; Environmental Heating Criteria

Earth Orbit Mars Orbit
OF, | BoHg OF, | ByHg
Insulation Quter Surface
Temperature (°R) 282 282 258 258
Nominal Propeliant
Temperature (°R) 250 250 250 250
Heat Flux (Btu/hr ft2) 0.032 | 0.032 | 0.008 | 0.008
Thermal Conductance
(Btu/hr ft2 °R) 0.001 | 0.001 | 0.001 | 0.001
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Filter
Regulator

Pressure Transducer
Check Valve

Temperature Transducer

Explosive Valve, Normally Open (N/0)
Normally Closed (N/C)

Manual Valve with Capped Port

Burst/Relief Valve
Trim Orifice

Solenoid Operated Bipropellant Valve

Thrust Chamber

Figure II-5 Propulsion System Schematic for Mission A,
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Heating is required to prevent freezing of N,0,. A combina-
tion of thermal coatings and heaters may be employed to reduce
temperature gradients and maintain propellant temperatures between
500 and 580°R.

c. Mission B — Helium pressurant is used in the single-tank,
monopropellant propulsion system. Propellant expulsion is accom-
plished by blowdown of tank—-top pressure. A titanium surface ten—
sion propellant acquisition system is contained in the spherical,
6A%-4V titanium tank. Nominal pressurant and propellant tempera-
ture is 500°R and the initial system pressure is 350 psia. The
propulsion system is oriented with the tank outlet pointed toward
Earth during launch. The propulsion system schematic for the Grand
Tour spacecraft is presented in Figure II-6. The probable pack-
aging arrangement within the propulsion system envelope is shown
in Figure II-7.

Heating of the propellant tank is required during the mission
to prevent freezing of the nitrated hydrazine propellant. Use of
a radioisotope heat source in conjunction with an external heat
exchanger on the tank is one possibility. Envirommental cooling,
rather than heating, is the primary concern.

C. STUDY GUIDELINES

Two basic approaches were to be used in designing the surface
tension systems to meet the requirements for each mission. The
first approach required that the surface tension device be testable
under minus 1 g so that the full-scale propellant tank may be in-
verted and gas—free liquid expelled from the top of the tank a-
gainst the gravity vector. Under the second approach, the surface
tension system was to be designed to perform reliably under the
low—g operational environment only. Various surface tension con-
cepts were to be considered in order to obtain the best concept
for each mission.

Detailed prototype designs were defined as engineering draw—
ings which were to include overall dimensions, tolerances, mate-—
rials of construction, and general fabrication requirements. Fab-
rication and assembly, cleaning and passivation, and prelaunch oper—
ations (including loading and ground hold) were considered in the
design along with the actual launch and postlaunch flight periods.
Handling, checkout, and maintenance requirements were also con-
sidered.



/ Pressurant
- plus :
k. Nitrated NyH, |

{11) N/0 (11) N/C

Legend:
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Pressure |ransducer

Explosive Valve, Normally Open (N/0)
Normally Closed (N/C)

Manual Valve with Capped Port

Filter
Burst/Relief Valve
emperature Sensor

Trim Orifice

Solenoid Valve

Monopropellant Thrust Chamber
(with catalyst reactor)

Figure II-6 Propulsion System Schematic for Mission B
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X 29 1in. B
— A -
T Propulsion
- System
Envelope
Helium
Plus
Nitrated
Hydrazine
45.5 in. ‘1 +
Yaw Jet 25-1b Thrust
(2 pairs) Pressure-Fed

Engine

Figure II-7 Propulsion System Arrangement
(Typical) for Mission B
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The refined propulsion system schematics (Fig. II-3, II-5,
and II-6) were reviewed and modified, as required, to furnish a
reliable and operational system. Considerations included the
need for additional valving to accomplish tank loading or draining.
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ITI. SURFACE TENSION PROPELLANT CONTROL DEVICES

A discussion of passive devices that use surface tension
forces to provide propellant orientation and control is presented
in Volume I, Chapter III. Several different capillary concepts
applicable to planetary missions are described. The more attrac-—
tive features of these devices, when compared to other propellant
acquisition techniques developed, or under development, are that
they are completely passive (no moving parts), simple in design and
operation, and low in weight. As the results of the Phase I com-
parative evaluation show, their simplicity and passive operation
make them most reliable for the three baseline planetary missions.
Also, the small quantity of material used for these devices placed
them lowest in weight for each mission.

Two different capillary concepts were designed to satisfy the
three baseline mission requirements during the second phase of the
program. They are: fine-mesh screen traps, and the so-called
"Fruhof" devices. The fine-mesh trap systems are testable under
minus 1 g, i.e., gas—free propellant expulsion can be demonstrated
using the full-scale tank. The tank is inverted (propellant out-
let pointed away from Earth) so that the gravitational accelera-
tion tends to position propellant away from the outlet. The Fruhof
concept is not testable under minus 1 g.

A. DESIGN CRITERIA

A general discussion of capillary system design criteria is
presented in this section. Each criterion is treated separately
for the specific designs, and is presented in more detail in Chap-
ters IV and V.

1. Pressure Retention

The different capillary designs presented in Chapters IV and
V rely upon the relatively small pressure difference that exists
across a curved liquid/gas interface, due to intermolecular forces,
to orient liquid and stabilize the liquid/ullage interface. This
capillary pressure difference, AP , may be expressed at any point
across the interface as: ¢

ITI-1



ITI-2 MCR-70-171

1 1
APC = (Rl + Rz) o, [III-1]

where o is the liquid/gas surface tension and R; and R, are the
principal radii of curvature at that point. For a spherical in-
terface (Rl = Ry), the pressure difference is

20
AR =R
S
«—R—| .Gas
Liquid/Gas
T~ Interface
| —Liquid
S —— Tube (or
L pore)

Figure III-1 Liquid/Gas Interface Shape

[III-2]

where RS is the radius of

curvature. The capillary
pressure difference can be
related to a dimension (other
than the radius of curvature)
such as the pore radius, R,
and a second parameter, the
liquid-to-solid contact angle,
8. This is done by introduc-
ing the relationship between
R, 6, and RS, as shown in

Figure III-1. Then, rewriting
Equation [III-2] as

_ 20
APC =R cos 6, [TII-3]

the designer can easily cal-
culate the capillary pressure
difference from measurable
parameters. Surface tension
values for the propellants

of interest are presented in Table TI-6. Surface tension generally
varies markedly with the compositions of the fluids and with tem-
perature, while the variation with pressure is small (Ref II1I-1).
It decreases with increased temperature, as shown in Table II-6,
becoming zero at the critical temperature.
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Based upon the contact angle measurements presented in Ref
ITI-2, the liquid propellants of interest will tend to exhibit
contact angles ranging from zero to two degrees when in contact
with a clean, metal surface. The contact angles were measured
for hydrogen peroxide (90%), nitrogen tetroxide, fuming nitric
acid (Type IIIB), UDMH, hydrazine and Aerozine-50 in contact with
the following metals: 6061-T6 aluminum; ASTM B348-59T (Grade 6)
titanium; and 30l stainless steel. The metals were given both a
polished and a randomly-roughened finish. The zero to two degree
values included both advancing and receding contact angles obtained
for the test liquid on the clean, dry solid. The reader is referred
to Ref III-3 for a more complete discussion of contact angle.

The capillary pressure difference for a circular pore, as in
a perforated plate, can be determined from Equation [III-3]. Cap-
illary pressure retention for pore geometries other than circular
is more accurately determined empirically. The accepted technique
is the so-called '"bubble point'" method. The foraminous material
is covered by a thin layer of liquid, usually alcohol, and its un-
derside is pressurized slowly with air or gaseous nitrogen. The
pressure difference at which the first bubble passes through the
material is termed the bubble point (BP). The pressure retention
capability for various screen mesh sizes, as determined by Martin
Marietta using the BP technique, is presented in Table III-1.

Table III-1 Screen Pressure Retention vu ..

Bubbie Point, BP (in. of H,0)

Ultrasonic
Screen Material | Screen Mesh As Received Degreased .Cleaning
Stainless Steel | 30x30 (2)0.68 (3)0.68-0.69 -
Stainless Steel | 50x50 (2)1.19-1.20 (6)1.22-1.23 --
Stainless Steel | 80x80 (2)1.75-1.80 (6)1.80-1.85 -~
Stainless Steel | 100x100 (4)2.20-2.28 (5)2.20-2.22 --
Stainless Steel | 150x150 (4)2.73-3.20 (5)3.10-3.12 --
Stainless Steel | 200x200 (11)3.75-4.60 (12)3.89-4.40 -
Aluminum 120x120 (13)2.06-2.24 (16)2.17-2.55 --
Aluminum 30x250 (6)2.50-2.70 (7)2.63-2.71 --
Aluminum 200x1400 (2)16.30-16.40 -- --
Stainless Steel | 24x110 (5)1.99-2.09 (12)1.96-2.12 -
Stain]ess Steel | 30x250 (5)2.58-2.65 (15)2.54-3.00 -
Stainless Steel | 80x700 (5)6.37-6.48 (6)6.28-6.36 --
Stainless Steel | 165x800 (17)7.82-8.30 (14)7.90-8.23 (15)7.85-8.16
Stainless Steel | 200x1400 (18)16.70-17.40 | (15)16.70-17.04 | (17)17.08-17.25
Stainless Steel | 250x1370 (12)21.10-22.83 { (13)20.80~22.20 | (20)21.40~22.40
Stainless Steel | 325x2300 (18)24.80—26.75 (16)25.15-26.40 | (21)25.82-26.70

III-3
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As shown in Table III-1, the flat screen samples were tested
at three different conditions: as received, i.e., the sample was
cut from the roll of screen and tested; degreased (vapor degreaser);
and ultrasonically cleaned using a mild detergent solution. Bubble
point was measured using a 1/16- to 1/8-inch thick liquid methanol
cover above the screen. The data are representative of this meas-
urement method and show the range of bubble points measured. The
number in parenthesis in the BP column is the number of bubble
point tests conducted.

The pressure retention for a given screen material and mesh
size can be determined for other liquids from:

(o
(82), = =~ (8P)_,, [III-4]

tl

where the subscripts refer to the other liquid, %, and to the BP
test liquid, te.

When ordering fine-mesh screen, it is usually best to specify
material, weave, mesh size, and minimum BP. The basic criterion
used for selecting the capillary material is that

AP > ZAP , [III-5]
c - a

where ZAPa is the sum of pressufe differences acting at the pore

tending to disrupt (break down) *he liquid/gas interface. These
adverse pressure differences may result from hydrostatic and hydro-
dynamic heads, losses due to flow (encrance and viscous contribu-
tions), etc.

2. Hydrostatic Interface Stability

Figure III-2 shows a partially filled tank. The acceleration
vector, as shown, is parallel to the tank axis and acts in the
direction tending to reorient the propellant to the opposite end
of the tank. However, if the proper relationship between fluid
properties (surface tension and density) and system geometry (tank
radius) exist, the liquid/gas interface will be stable and the
liquid will remain as shown. The criterion for determining hydro-
static interface stability is the Bond number (Bo), a dimension-
less ratio of body forces—to-capillary forces:

2
Bo = Ef?i—. [III-6]

The characteristic system dimension, L, is the tank radius (r) for
the system shown.
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Under Contract NAS8-11328
(Ref III-4), the liquid/vapor
interface behavior in an unbaf-
fled, cylindrical tank during
axisymmetric propellant settling
was evaluated both experimentally
and theoretically. Drop tests
were conducted in the 2.l-sec
drop tower (Ref III-5) to inves-
tigate the response of the lig-
uid surface to sudden changes in
axial acceleration. The inter-
face was initially flat (Bo >>
1000). Good qualitative agree-
ment between analytical results
and experiments performed for
settling Bo numbers to 1730 was
achieved. At a Bo of 0.84, or
less,* the liquid/vapor inter-
face was observed to be stable.
At higher Bo values, 0.84 < Bo <
30, liquid flow was predominantly
along the walls of the cylindri-
cal container. At Bo > 30, lig-
uid was settled both by flow
along the walls and as a central
liquid column.

The hydrostatic retention
capability of foraminous material
is considered next, first, with
the acceleration acting normal
to the perforated surface, and
then with the acceleration vector
parallel to the surface. The
first case is pictured in Figure
III-3. The accelerating force
acts normal to the perforated
material. Hydrostatic stability
occurs if the pressure difference
(Pg - Pl) across the liquid can

support the liquid weight and

the surface tension force at each
opening stabilizes the liquid/
gas interface. The liquid
height, h, that is supportable
can be calculated from:

*Based upon tank radius.

I1I-5
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(P - B
h = s [III—7]
pa

If the liquid is supported, liquid can only be lost by ullage
displacing the liquid. The hydrostatic stability criterion at
each opening (pore) can be determined from the Bo number. Results
from Ref III-6 support a critical Bo of 0.84 (based on radius) for
circular pores, while the low-g experimental data tend to support
a value of 0.45 for square-weave screen (based on one-half the
opening) .

Figure I1I-4 illustrates
the case of capillary reten-
tion with the acceleration
vector acting parallel to the
perforated barrier. In this
case, the hydrostatic pres-
sure is such that the gas
phase is attempting to enter
the pores at one extremity of
the barrier by displacing lig-

A p a}b’ uid at the opposite end. The
BAM DA IAAMNIAN M capillary force prevents gas
;ﬁlqE.R Acceleration entry at each pore of the
Perforated barrier, but only the pores
Barrier at which the maximum hydro-
static pressure must be sup-
UTTage ported are of interest. For
the case illustrated, the
hydrostatic pressure differ-
ence across the barrier is
Figure III-4 Hydrostatic Retention _ _
Capability, Acceleration Parallel APp = pah. [111-8]

The capillary retention pressure and the hydrostatic pressure
act in opposition to each other at the pore, and may be equated
to determine the stability limit. The terms can be arranged in
a dimensionless parameter, ¢, a ratio of acceleration forces-to-
capillary forces:

o = 28, [III-9]
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where B is the kinematic surface tension.* In addition to this
dimensionless number, another parameter, Ga, was identified(Ref III-7):

2
Ga = %g}i [11I-10]

where d is pore diameter and v is kinematic viscosity. The data
show a relatively strong dependence on the ¢ number and the open-
area ratio (open to total area) (£) and a weak dependence on the
Ga number. The critical ¢ ranged from 1.2 to 1.7 (§ = 36.2%) and
2.1 to 2.5 (9.5 < g€ < 22.7%). The square-weave data (28.1 < g <
34.8%) tend to support a critical ¢ of 0.85 to 0.95, whereas the
twilled metal cloth results show the critical ¢ = 1.1. The reader
is referred to Reference III-7 for a more complete discussion of
these stability criteria.

3. Hydrodynamic Stability Criteria

The foraminous devices can also be designed to damp and con-
trol liguids. The experimental work performed under Contract
NAS8-21259 shows that the Weber number (We) can be used to predict
low-g hydrodynamic stability (Ref III-7). The critical We number,
a ratio of inertia-to-capillary forces, is

VCZL
Wec = g [I1T-11]

where L is the characteristic dimension of the foraminous material
(pore radius, for example), v, is the liquid impingement velocity,

and B is the kinematic surface tension. To a lesser extent, the
effect of open-area ratio (£) was also assessed.

The tests were conducted over a range of settling Bo numbers
from 30.4 to 135.0, based upon the radius of the cylindrical tanks.
Liquid was settled against different perforated barrier configura-
tions and containment was observed. For example, complete damp-
ing (containment) was verified experimentally at We < 0.02 for
Dutch-twill cloth and to We < 3.0 for double, perforated plate.

The latter configuration consisted of two plates separated by a
small gap (0.032 in.) with the plates skewed so that £ = 0.

*Kinematic surface tension is the ratio of surface tension-
to-liquid density.
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Formulas for liquid impingement velocity and liquid wall flow,
presented in Ref III-7, can be used to determine v, These data

are directly applicable to the coverplates for the trap designs
presented in Chapter IV.

4. Capillary Pumping

Referring to Figure III-5,
: b«—1|—Vapor the capillary pressure differ-
. ence acting on the liquid in
B L <—Cylindrical the annular region is:
P Container 25 6)
/ P = £0AS08 22, [III-12]
NN 4 g 2 r -
N |
\\\\ where P is the liquid pressure
\\ O 5 [
itSS \ I0 at the liquid/vapor interface,
. P dis ullage pressure, and r
tE\\ —Standpipe g ge P ’
N\ t}} 25\ ¥ and r' are the tube radii. The
Aﬁf//// pressure difference causing
Liquid L liquid in the standpipe to rise
: N - or fall due to surface tension
Note: Dashed lines are zero-g inter-| _; . ...
face conditions; solid inter-
face lines are gravity-domi-
nated p - (E) = 2oL
: 2 2\o Y l-v
Figure III-5 Capillary Standpipe
? Cogcept Y PiP cos 8, [T11-13]
where P! is the liquid pressure

2
at the liquid/vapor interface
of the standpipe, and vy = r'/r. It is seen that no capillary
pumping results when vy = 0.50; liquid will rise in the annulus
when y > 0.50. Liquid will be pumped from the annulus to the
standpipe when y < 0.50.

This capillary pumping phenomenon, i.e., liquid will be pumped
from a region with a large interface curvature to a region of lesser
curvature, is used in the Fruhof design to ensure propellant over
the tank outlet. Open capillary channels are used to provide phys-
ical communication between the outlet and other regions in the tank
where propellant may come to rest. Liquid will tend to flow from
these regions to the outlet due to capillary pumping. The capillary
channels are an open design so that ullage is not trapped during
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filling. If the channel is in the form of a V-shape, entrained
ullage bubbles will be moved outward by capillary action to the
point where the channel width is equal to the bubble diameter.
Coalescence of bubbles will result in larger bubbles, which will
be moved further out in the channel. Analytical tools and experi-
mental data are available to estimate capillary pumping rates

(Ref I1I-7, III-8, and III-9).

5. Propellant Settling

The fine-mesh screen designs rely upon thrusting periods to
settle propellant (away from the trap prior to engine start) over
the trap. Settling is a lesser consideration for the Fruhof de-
sign.

Settling was discussed earlier under Subsection 2, Hydrostatic
Interface Stability. These works (Ref III-4 and III-7) considered
the case where the liquid/ullage interface was initially flat.
Flow characteristics for initially curved interfaces have also
been studied (Ref III-9, III-10, and III-11). Liquid velocities,
volumetric flowrates, and settling times, can be estimated using
these results. McCarthy (Ref IILI-11l) suggests a dimensionless
time parameter (1) defined as the number of free-fall periods (t)
required to obtain bubble-free, settled liquid:

T = ;d , [III-14]
s
a

where dS is the liquid free-fall height and a is the axial accel-

eration. At T = 10, bubble-free liquid is settled (Ref III-11).
Bubble-free propellant is not required at the coverplate, however,
because the capillary pressure difference at each pore of the
wetted, foraminous material will permit ligquid to enter the trap
while excluding ullage gas. Based on the McCarthy data, T = 3.0
is considered conservative for estimating settling times in de-
signing trap devices. Ullage will be ingested during engine burns
until the propellant is settled over the coverplate and the trap
is sized to accommodate this ingestion.
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B. DEVELOPMENT STATUS

The development of surface tension systems for subcritical
fluid storage during low-g operation has progressed rapidly over
the past decade. The literature reviews presented in Ref III-12
and III-13 summarize this work. The recent survey paper (Ref
III-14) summarizes various flight applications for surface tension
propellant acquisition systems. This flight experience includes
successful performance for systems used in the Agena, Apollo Serv-
ice Module, and the Transtage. The Apollo Service Module and
Transtage use ullage rockets in conjunction with capillary devices
to ensure liquid feed to the engine during the start sequence.

The Agena relies solely on capillary sump designs to acquire suf-
ficient liquid prior to and during the low-g restart to supply
gas—-free propellant until the remaining propellant in the tank is
reoriented,

The flight experience to date has been for Earth-storable pro-
pellants; therefore, the surface tension systems presented in
Chapters IV and V for Missions A; and B are considered state-of-
the—art. The designs presented for the space storables (Mission
A1) are also considered to be within the state-of-the-art, since
tank venting is not a design requirement. If tank venting is a
requirement, as in cryogenic storage, more development work (Ref
III-15, III-16, and III-17) is needed.
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IV. PROPELLANT ACQUISITION SYSTEM - ONE-G TESTABLE DESIGN

This chapter presents analyses and designs of various surface
tension devices that can demonstrate gas—free liquid expulsion in
a l1-g environment. The expulsion is performed with the full-
scale capillary design inverted, i.e., the liquid drain port is
at the highest station. This testing is commonly referred to as
"minus 1 g" since Earth's gravitation tends to position liquid
away from the drain port.

A. ONE-G TEST CRITERIA

The surface tension device must have the pressure retention
capability required to expel single-~phase liquid in minus 1 g,
under which the hydrostatic differential pressures are usually
much larger than the sum of other upsetting pressure differences
that may be experienced during the actual mission. Therefore,
minus 1 g tends to impose a worst-case expulsion condition on
the device. However, if the device can retain liquid and function
properly under this worst-case condition, there is ample assur-
ance that it will operate satisfactorily during the mission.*
Since the objective was to design the surface tension device to
satisfy the minus 1-g expulsion requirement, the approach was to
make the design/test as meaningful and comprehensive as possible.
The preferred test is one in which the actual propellant is com-
pletely expelled from the full-scale device using the design
flowrates.

* Martin Marietta has demonstrated gas-free liquid expulsion
under minus 1 g with various capillary devices, including fine-
mesh traps. The liquid reservoir in the trap is expelled ... not
the total loadable propellant. The reservoir and flow annulus
in the trap were filled with liquid during tank loading. The
minus l-g tests, therefore, did not demonstrate refill capability
of the trap nor the ability of the trap to retain sufficient
liquid under the low-g acceleration environment .,, merely gas-
free liquid expulsion. Additional tests, including subscale
models with referee liquids (not propellants) testeu in a drop
tower, are needed to demonstrate the required liquid retention
in the trap.
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Availability of material for use in the device is important
in establishing criteria for l-g testing. Aluminum was selected
for constructing the Mission A; tank; titanium was selected for
Missions A, and B. These materials provide the best mechanical
properties and are most compatible with the propellants (Ref IV-1).
It is desirable that the surface tension device and the tank be
constructed of the same materials, so that problems associated
with the use of dissimilar materials are avoided, and compati-
bility is not compromised.

The finest aluminum screen
. material commercially available
Shute Wire is 200 x 1400 mesh Dutch twill

}/P‘ weave, which has two hundred
<D 0.0028-in. diameter warp wires
. and fourteen hundred 0,0016-in.
diameter shute wires, per inch.
This type of weave (Fig. IV-1)
produces a close overlapping of
the shute wires, which presents
a tortuous flow path through the
screen.

Figure IV-1 Dutch Twill Weave (Ref
J. C. Armour and J. N. Cannon:
Fluid Flow through Woven Screens,"
AICHE Journal, May 1968

The finest titanium screen
material (Fig. IV-2) available
is 180 x 180 mesh twill weave,
which has 180 wires (0.0021-in.
diameter) per inch for both the
warp and shute wires. The form
of the mesh twill weave is con-
siderably more open and loose
than the Dutch twill weave.

The retention capability of
screen is best determined by the
bubble point method (Chapter III).
Under 1l-g static conditions,
Figure IV-2 180 x 180 Mesh Twill the retention capability of the
Weave Titanium Screen foraminous material must exceed

the maximum hydrostatic pressure.
Based on the bubble point* for the finest aluminum and titanium
screen, and the properties of the propellants, the maximum heights
of liquid that can be supported under 1 g are presented in Table
Iv-1.

* The BP data presented in Table III-1 were used. A safety
factor of two (normal design practice) was used for the aluminum
200 x 1400 screen. A BP = 8.2 in. H,0 was used in place of the
measured 16.3 to 16.4 in. H,0. This approach was not possible
with the coarser titanium screen. Since BP data were not avail-
able for the titanium screen, the stainless steel data (Table
III-1) were used. Also, the 180 x 180 mesh BP range of 3.27 to
4,00 in. Hy0 was determined by interpolation. The upper limits
for the BP range were used with no safety factor: 100 x 100
mesh - 2.28 in. Hy0; and 180 x 180 mesh - 4.00 in., H,O0.
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Table IV=1l Maximum Hydrostatic Head

Bubble Point Maximum

(with propel- Head, 1 g

Mission | Propellant Mesh Size lant, psi) (in. prop)
Aq B, Hg 200 x 1400 0.280* 16.01
0F, 200 x 1400 0.180* 3.37
A, MMH 180 x 180 0.217 6.75
N, 0, 180 x 180 0.163 3.05
B Nitrated 180 x 180 0.339 8.39
Hydrazine | 1099 100 0.204 5.05

*Safety Factor of two.

The supportable heads listed for OF, and NyOy are smallest
because the oxidizers have relatively low surface tensions and
high densities in comparison to the fuels (Table II-6). The
heads listed in Table IV-1 are the limiting heights of liquid
that can be supported by the screen mesh sizes under the static
(no flow) 1-g condition. The surface tension device that best
satisfies these relatively small
hydrostatic head requirements
is a propellant trap (Fig. IV-3).
The trap consists of a perforated
coverplate and screen annulus.
__&_ The coverplate provides a bar-
rier that holds the propellant
within the reservoir, while the
annulus provides a preferential
path for liquid (in the trap
reservoir) to flow out of the
tank outlet. For this type of
device, the maximum height of
liquid that must be supported
by the annulus screen in order
to expel the trap reservoir com-
pletely is the height (h) of liquid
in the annulus (Fig. IvV-3).

Feed Line

Screen Liner

Annutus—

Figure IV-3 Propellant Trap
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As discussed, it is desired that the height of 1liquid that
the screen can support should be greater than the height of the
trap. However, the trap volume is sized so that sufficient liquid
is contained to start the engine and settle the remaining propel-
lant in the tank, thereby providing a continuous supply of gas-
free liquid to the engine. If the trap height needed to satisfy
the engine demand during propellant settling is greater than
that supportable by the finest mesh screens, the trap reservoir
cannot be completely drained of liquid and, beyond a certain point,
gas in the reservoir will be ingested into the liquid being ex-
pelled. This ingestion point can be predicted.

B. PROPELLANT TRAP DESIGN

Detailed drawings of the propellant traps designed for Missions
A, and B are presented in Figures IV-4 and IV-5, respectively.
The surface tension design for Mission A, is exactly the same as
that of Mission B, except for its size and the screen material.
A detailed drawing for A, is not presented; however, Figure IV-6
shows pertinent dimensions for the trap device, and Figure IV-5
shows fabrication details. The trap designs presented for
Missions A; and Ay, would be used in both the fuel and the oxidizer
tanks. The traps were designed to acquire and control the
oxidizer, since oxidizers possess a lower kinematic surface ten-
sion (ratio of surface tension-to-liquid density) than fuels.
As discussed in Volume I and later in this chapter, kinematic
surface tension is a critical parameter in the design of surface
tension control systems.

A pleated-screen liner, which offers advantages in both fabri-
cation and operation of the trap, is used to form the annulus.
A self-supporting structure is provided by pleating the screen,
and no additional support is required. Since the expulsion
efficiency is determined by the volume of the annulus, the pleated-
liner minimizes this volume while providing a greater flow area
(than flat, unpleated screen) for propellant in the reservoir to
enter the annulus. The latter minimizes the pressure loss due
to the flow of propellant through the screen during expulsion by
reducing the flowrate per unit area.
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The coverplate is a sandwich-
type configuration that consists
of sheets of screen and perfo-
rated plate, as shown in the
figures. This combination pro-
vides internal capillary flow
paths within the coverplate to
aid wicking and maintain the
desired wetted barrier, provides
good damping of propellant mo-
tion (slosh) to keep liquid from
leaving the trap following an
engine shutdown (or under vehi-

cle maneuvers), and also pro-
vides required structural in-

tegrity,

1. Trap Volume

The mission profile (number
and duration of engine burns)
determines the required size of

Figure IV-6 Propellant Trap for the propellant trap. As dis-

Mission A, cussed in the previous section,
this trap depth is critical to

the trap expulsion efficiency attainable during the minus 1-g tests.
There must be enough propellant in the trap to restart the engine
and to maintain gas—-free propellant during the duration of the
burn. From the analysis of the coverplate (Section B.3), it can
be seen that the requirements of the 1-g test limit the design of
the trap, in that it cannot be refilled with the settled propel-
lant during each burn. Therefore, the trap volumes were sized
to hold enough propellant in the trap to accomplish the engine
start and propellant settling for all burns with no refilling
(ullage purging).

Any factor that may cause loss of propellant from the trap
must be considered in these designs. The primary considerations
are acceleration vectors and their corresponding impulses that
may tend to move the propellant away from the outlet and dislodge
it from the trap. By proper selection of the coverplate pore size,
as discussed later, the propellant can be completely retained under
these perturbations.

Another factor is the effect of dissolved pressurant, which was
discussed in detail in Volume I. The greatest effect, due to evo-
lution of dissolved pressurant, is for the OF, tank. It was shown

IV-9
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that at most, 0.16 lbm of OF, may be forced out of the trap. As

will be discussed, the trap is sized to compensate for this small
possible liquid loss.

Thermal effects, such as vaporization and fluid density changes,
can cause a loss of propellant from the trap. The cause and the
magnitude of these effects are discussed in Section D. Since
these effects appear significant for Missions Ay and A,, a slightly
different approach was used in sizing the traps for these mis-
sions. The trap volume was set equal to the volume of propellant
consumed during the last three engine burns, i.e., the trims that
follow orbital insertion. Since the fuel and oxidizer tanks will
have the same size trap, the larger of the two volumes was used
to determine the trap size for that mission. The bulk liquid above
the coverplate will be in contact with the coverplate prior to
each of the first three burns. When liquid is in contact with the
coverplate, there will be no gas ingestion into the propellant
trap during burns. At the end of the insertion burn, all of the
propellant will be located within the trap.

To show that the interface of the bulk liquid would be in con-
tact with the coverplate prior to each of the first three burns,
accelerations that tend to move propellant away from the cover-
plate were considered. The acceleration levels included in the
mission criteria were used to establish worst—case (maximum) ac-
celerations. Firing of the ACS will produce the largest acceler-
ations between engine burns. It was assumed that the ACS could
provide simultaneous pitch, yaw, and roll maneuvers and the magni-
tude of the acceleration produced could equal the square root of
the sum of the squares of the accelerations due to each component
of the maneuver. It was further assumed that this vector could
act along any axis. Using this approach, the following maximum
negative—axial and lateral accelerations were calculated: Mission
Ay, 9.57 x 10“5g; Mission A,, 8.33 x lO‘Sg; and Mission B, 3.0
X 10‘5g, The free-surface interface position was calculated based
on the maximum, negative-axial acceleration and the volume of pro-
pellant remaining prior to the insertion burn. Figure IV-7 shows
the position of the interface under these conditions for the fuel
and oxidizer tanks (Missions Aj; and A,).
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Interface
Shape

Liquid

Coverplate

a) Mission A; - Fuel Tank
b) Mission A; - Oxidizer Tank

Liquid

Interface
Shape

__________ Interface
Shape

Coverplate
Coverplate

c) Mission A, - Fuel Tank d) Mission A, - Oxidizer Tank

Figure IV-7 Interface Shapes Before Insertion Burn
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Using this approach to size the propellant trap, all the pro-
pellant is positioned in the trap over the tank outlet following
the insertion burn. The problem of heat soakback from the engine
is reviewed later in this chapter. In addition to trapped propel-
lant acting as a heat sink, there will be a surplus of propellant
within the trap so that some loss due to vaporization is allowable.
The amount of propellant required to start the engine and settle
the propellant for each of the last three burns was calculated,
and the surplus of propellant in the trap was determined (Table
Iv-2).

Table IV-2 Propellant Quantities Within the Trap

Mass Required to
Start and Settle
Mission Propellant | Mass in Trap | for Last 3 Burns |Surplus

(1b ) (1b,) (1b,,)
Mission A; | ByHg 10.3 5.8 4.5
0F, 30.8 17.3 13.5
Mission A, MMH 21.3 7.2 14.1
NoOy 33.1 11.3 21.8

For Mission B, the size of the trap was determined by the
amount of propellant required to start the engine and settle the
propellant for each of the nine burns. This volume was then in-
creased by a safety factor of 1.5, to compensate for additional
effects (previously identified) that may cause a loss of liquid
from the trap.

As a result of this analysis, the following trap sizes were
established: Mission A;, 0.340 ft3; Mission Ay, 0.383 ££3; and
Mission B, 0.105 ft3. From these volumes, the height and other
dimensions of the trap were calculated.

2. Annulus

a. One g - The height of the annulus and the size of the flow
passages determine the magnitude of the pressure losses that will
occur as the propellant flows to the tank outlet. The screen
material from which the annulus is formed determines the amount
of differential pressure allowable between the annulus and the




MCR-70-171 Iv-13

reservoir. Ingestion of gas into the annulus will occur if the
differential pressure exceeds the retention capability (Bubble
point) of the annulus screen material.

Consider the flow of propel-
lant for a point in time during
the 1-g test (Fig. IV-8). The
pressure of the liquid and gas

Critical Pore 1-g Acceleration in the reservoir are equal. A
pressure loss occurs as the
T liquid flows through the screen
into the annulus. This loss is
AZZZ?V a function of the weave, mesh
size, and flow area of the
screen and the flowrate of the
liquid. As liquid flows through
the annulus, flow area decreases
as the outlet is approached,
so the static pressure decreases
(velocity increases). In ad-
dition, friction will also cause
a decrease in pressure as the
liquid flows along the annulus.
The height the liquid in the
annulus attains (shown as h in
the figure) determines how much
the pressure is reduced due to
the hydrostatic head. These
pressure differences are addi-
tive and the point on the screen
Figure IV-8 Outflow during l-g Test surface at which their sum is
the largest is identified as
the critical pore. At this
point, the pressure of the liquid
is reduced in comparison to the pressure of the gas on the opposite
side of the screen. If the liquid pressure has been reduced such
that the liquid-ullage pressure difference exceeds the retention
pressure of the screen, gas will be drawn into the annulus causing
interruption of the expulsion of gas~free liquid.

bag- =

D

As liquid is expelled from the trap, the pressure differ-
ence (measured at the critical pore) increases. The height grows,
increasing the head loss while reducing the flow area of liquid
leaving the reservoir. The latter increases the loss due to flow
through the screen. The loss due to the reduction in flow area
in the annulus will tend to remain constant at the critical pore;
however, since the mean length of the flow path in the annulus is
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increasing, the friction loss will increase. Eventually, for

any trap design these losses will exceed the pressure retention
capability of the screen to produce ingestion of gas. Each trap
was evaluated with respect to each of these pressure losses and
their additive effect under 1 g to determine how much of the trap
volume could be expelled as single-phase liquid.

1) Mission A; - A pleated-liner (150 pleats with a depth
of about 0.3 in.) was selected since it will provide a minimum
expulsion efficiency of 99.6%. The expulsion efficiency is the
percent of the propellant loaded that can be expelled as gas-
free liquid from the tank. (The residual propellant is that
within the annulus.) The flow area between pleats is relatively
large, so that pressure losses due to the reduction in flow area
and friction will be small in comparison to the losses due to
head and flow through the screen.

By using the 200 x 1400 Dutch twill screen, the maxi-
mum retention capability is provided. This fine screen, however,
causes a considerable pressure loss as liquid flows through its
complex weave (Ref IV-2). Figure IV-9 presents this pressure
loss over the flow velocity range of interest for OF, and ByHg.
Since the overall height of the trap (3.55 in.) is greater than
the maximum height of OF, (3.37 in.) the screen can support,
complete expulsion under 1 g using OF2 is not possible. The
critical pore will break down after 0.15 cu ft of propellant (or
about 50% of the trap volume) has been expelled. This corresponds
to 2.0 in. of the overall 3.55-in. height of the trap. While the
trap for the ByHg tank will not be as strongly affected by hydro-
static head because of its greater kinematic surface tension
value, the loss due to flow through the screen is considerable.
Only 3.3 in. of ByHg can be expelled from the trap during the
1-g test.

From the above consideration of the pressure losses,
it was established that there is a critical pore which will break
down before any other pore on the annulus. Therefore, as far as
the annulus is concerned, the l-g test is a test of the size of
the critical pore, or to be more general, the size of the pores
near the tank outlet. When the l-g test is considered in this
sense, complete expulsion is not necessary. Prediction of the
point at which breakdown will occur would show that the retention
capability was as anticipated.
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Figure IV-9 Pressure Drop Due to Flow through Screen, Mission A;

2) Mission A, - For this mission, The pleated liner has
150 pleats with a depth of about 0.33 in. and a minimum expulsion
efficiency of 99.6%. The flow area is such that the pressure
losses due to friction and reduction in area are relatively small,
since the 180 x 180 mesh twilled weave titanium screen is used
for the annulus. Since the weave of this screen provides an open
area to fluid flow (as mentioned, Dutch twill affords a tortuous

flow path), the flow loss through the screen over the flow velocity

range of interest (Fig. IV-10) is well below the bubble point
(Table IV-1). This leaves the pressure difference due to the
hydrostatic head as the major consideration in the analysis of
annulus design.

Complete expulsion of the N0, tank trap during the
l-g test is not possible, however, because the height of the trap
(3.7 in.) exceeds the maximum height of N,0, (3.05 in.) that can
be supported by the screen. Three inches of N,0, only can be ex-
pelled from the trap. On the other hand, the trap in the fuel
tank could be completely expelled using MMH during the l-g test.
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3)

3) Mission B - An An-
nulus with 120 pleats, approxi-
mately 0.27-in. deep, was se-
lected. The minimum expulsion
efficiency is 99.2%, which is
lower in comparison to the other
designs (99.6%) because it is
based on the lower initial 507%
propellant load. A 100 x 100
mesh, twilled titanium screen
is adequate. The losses due
to reduction of flow area, fric-
tion, and flow through the
screen are all small, again
leaving the hydrostatic head as
the major consideration. Com-
plete expulsion of the trap is
possible under minus 1 g.

b. Low g - Each of the 1l-g
test designs must be analyzed
for the mission accelerations
to ensure that the device will
function properly in flight.
From the many possible configu-
rations of the interface within
the trap and the need for many
engine starts, the configuration
which produces the worst-case
condition (Fig. IV-11) was se-—
lected for analysis. This worst-
case condition is defined by
the following conditions:

1) TImmediately prior to
the last engine burn;

2) Amount of propellant
in the trap is just
sufficient to start
the engine and settle
the propellant;

Propellant within the trap is initially oriented
away from the outlet, due to the negative-axial
acceleration acting on the spacecraft up to this
A conservative assumption, to simplify
the analysis, is that the interface is flat,
though it will actually be curved and most likely
the liquid will be in the sharp corner formed by
the coverplate and annulus;

point.



MCR-70-171

4) The engine starts and a positive, maximum axial
acceleration (due to engine thrust) is imposed
on the spacecraft. It was assumed that the thrust
builds to its steady-state value instantaneously.

This worst—case condition occurs for only an instant. The pres-
sure losses will be less at other times when there is more pro-
pellant in the trap, or when the propellant has settled over the
outlet.

Rather than a single pore being the critical pore as it
is under 1 g, there are two points on the annulus, either of which
could be the critical pore. This is possible because the four
annulus pressure losses are not maximum at the same point. This
fact, by itself, will tend to make the l-g test more stringent
than the actual flight. The two possible critical pores are
shown in Figure IV-11 as pore A and pore B.

‘Each of the annulus designs was analyzed based on these
worst—~case criteria. Even with these conservative conditions,
the 1l-g designs provided a greater pressure retention capability
than required. Mission A; was the only mission in which the cal-
culated pressure losses and the retention capability of the screen
were on the same order of magnitude. A maximum pressure drop of
0.13 psi occurred at pore B; the retention capability is 0.18 psi.
This resulted because the pressure loss due to flow through the
screen, independent of acceleration, is large due to the Dutch
twill screen. In Missions A, and B, the screen retention pres-
sure and the maximum pressure loss in the annulus differed by at
least two orders of magnitude (pressure drop of 0.007 psi at pore
A compared to retention capability of 0.16 psi for Mission A,
and pressure drop of 0.006 psi at pore A compared to retention
capability of 0.2 psi for Mission B).

Iv-17
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3. Coverplate

a. One g - The coverplate
must support and contain the
propellant in the trap under mi-

Coverplate nus 1 g. The basic criteria which

establishes the stability of
the pores of the coverplate is
the Bond number (Bo). For cir-
cular pores, the Bo must be less
than 0.84 if the pores are to
remain stable under an acceler-
ation vector normal to forami-
nous materials (Ref IV-3). If
the coverplate is completely
horizontal (gravity perpendicu-
lar), this is the only design
consideration. However, some
misalignment will be present
either from the installation

of the trap or the test fix-

Figure IV-12 Tank Misalignment ture, and the effect of the

during 1-g Test hydrostatic head (due to the
lateral acceleration component)
must be considered. This head
is shown by the height (h),
caused by the tilt angle (6), as shown in Figure IV-12. When this
angle of tilt is 2 or 3°, its resultant head becomes the control-
ling design criterion. A safety factor of 2 was used for the
design of the coverplate for the l-g operation.

During the mission, the coverplate must provide a wetted
barrier so that the ullage pressure can support the liquid within
the trap. If the coverplate has internal capillary passages, liq-
uid will tend to be pumped into them to provide and maintain a
wetted condition (Ref IV-3). There are at least two ways to pro-
vide these desired capillary passages. Dutch twill weave can be
used or, during low-g conditions, two parallel, perforated plates
may also be used. The void between the plates will tend to fill
and remain full of liquid.

1) Mission Aj; - Adequate retention and structural strength
were obtained by using the 200 x 1400 Dutch twill screen and sup-
porting it with aluminum perforated plate. The Bo for this con-
figuration is 6 x 10" during the l-g test, and the pores will be
stable. The retention provided by the screen is sufficient to
allow for a total coverplate misalignment of five degrees during
the 1-g test. Tolerances on the alignment of the coverplate within
the tank can be closely controlled. By taking some care in the
installation of the tank into the test fixture, a tolerance of
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5° can be easily maintained. Since the screen material has very
little rigidity, the primary purpose of the perforated plate is

structural support. The plate has 0.5-in. diameter holes, spaced
so that the openness (open-to-total area) ratio is less than 0.2.

2) Mission Ay, - The 180 x 180 mesh twilled weave screen
provides an adequate pore size for the 1l-g test but does not guar-
antee a wetted condition during the mission, since it does not
have the capillary passageways (as does Dutch twill screen). If
double perforated plates were considered instead of the screen,
0.005-in. diameter holes are required. Holes this size can be
etched, but the plate must be no thicker than the hole diameter.
Since these plates would need additional support and spacing be-
tween the plates would be difficult, this coverplate configuration
was not considered attractive.

It is only during the mission that it is necessary to
keep the coverplate wetted. For the l-g test there will be lig-
uid in contact with the coverplate. If the coverplate has the
retention capability to hold the liquid, it will remain wetted;
therefore, the coverplate was designed to ensure wetting during
low g. Using this approach, a double-perforated plate configu-
ration was selected. The size of the holes is practical (0.5-in.
dia) and spacing between the plates of 1/8 in. is easily provided
and maintained. A sheet of 180 x 180 mesh screen is added to the
coverplate so that the l-g test can be accomplished. This screen
provides a Bo of 4 x 10-3 and will allow a maximum misalignment
of 3° during the l-g test. Alignment of the tank prior to the
test is required to meet this requirement.

3) Mission B -~ The same configuration coverplate that was
used for Mission A, was also used for Mission B. Perforated plate,
0.5-in. diameter holes and an 0.2 openness ratio, and 100 x 100
mesh screen were used for this case (Bo = 4 x 10-3)Y. The allow-
able misalignment of the coverplate for the l-g test is 7°.

b. Low g - When flight accelerations are considered, some
additional criteria must be applied to the coverplate design.
Lateral accelerations and the damping capability of the coverplate
must be considered in addition to the static containment criteria
(discussed earlier).

The ¢ number can be used to determine the stability limits
when the acceleration is parallel to the coverplate (Ref IV-3).
The previously established maximum lateral accelerations were
used to determine the required pore size using the ¢ number
criteria.
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At engine shutdown, the direction of the axial acceler-
ation vector changes from positive to negative (drag). The motion
of the liquid inside the trap, due to the shutdown maneuver and
other accelerations, was considered in order to determine if the
resultant dynamic motion will allow liquid to pass through the
coverplate, The Weber number (We) can be used to establish the
damping capability of the coverplate (Ref IV-3), Very good damp-
ing characteristics are provided by the coverplate configurations
selected,

All of the coverplates are over-designed for the mission
acceleration environment., For Mission A;, 1,5-in. diameter holes
in a single perforated plate would satisfy the ¢ and We criteria,
The holes could be 3,3-in, diameter for Mission A, and 14,9-in,
diameter for Mission B, The 0,5~in, diameter holes of the plate
are more than adequate when each criterion is applied, providing
a factor of safety on the order of 10, Considering only the
actual mission, the screen on the coverplates for Mission A, and
B is not required and, as mentioned, for Mission A} it is needed
only to provide wetting of the barrier,

The coverplate design determines, to a great extent, if
the trap can be refilled when the spacecraft engine is firing,
If the pores are selected so that they would be unstable under
the acceleration of the engine, gas may be purged from the trap
permitting liquid to displace the gas, Since the engine acceler-
ations during the mission are less than 1 g, the traps cannot be
refilled, Use of the screen material on the coverplate makes
them stable during boost when the acceleration can reach 3,8 g,
Therefore, any gas which enters the trap, or is generated within
the trap during the mission, will remain,

A summary of the propellant trap design for each mission
is presented in Table IV-3,
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Table IV-3 Propellant Trap Design Summary
Mission A, Mission A, Mission B
Trap Volume (ft3) 0.340 0.383 0.105
Trap Height (in.) 3,55 3.70 2.30
Material ATuminum Titanium Titanium
Annulus
Annulus Volume (in,3) 61.3 69.7 26,1
Screen Material
Mesh 200 x 1400 180 x 180 100 x 100
Weave Dutch Twill Twill Twill
Number of Pleats 150 150 120
Pleat Depth
At Coverplate (in,) 0.27 0.28 0.24
At Outlet Cup (in.) 0.32 0.33 0.28
Coverplate
Jameter (in.) 20,1 20.9 13.9
Configuration Screen on Screen on Screen on

Screen Material
Mesh
Weave

Ferforated Plate
Thickness (in.)
Hole Diameter (in.)
Spacing between
plates (in.)

Minimum Expulsion
Efficiency (%)

single plate

200 x 1400
Dutch Twill

double plate

180 x 180
Twill

0.06
0.50
0.125

99.6

double plate

100 x 100
Twill

0.06
0.50
0.125

99.2
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C. FABRICATION AND ASSEMBLY

The propellant trap consists of a coverplate assembly, a
pleated screen liner, and the outlet cup, Each part is fabri-
cated and joined together before the entire trap is installed
into the bottom of the tank, The outlet cup and the perforated
plates of the coverplate assemblies are machined using conven-
tional methods; therefore, their fabrication is not discussed,

1. Forming the Pleated Screen Liner

The pleated screen liner is formed with a die, from a single,
flat sheet of screen material, To construct the die, the pro-
file of the pleats must first be determined, By selecting the
pleat depth at the point the liner meets the coverplate, the
number of pleats, and the bend radius, the pleat profile can be
determined,

A retangular sheet of screen
may be used so the pleat depth
r = bend radius jncreases as the outlet cup is
r approached, thus keeping the
circumference constant, At the
coverplate, the profile of the
(a) At the Coverplate pleats looks like that presented
in Figure IV-13a, The pleats
cannot be any closer than shown
in Figure IV-13b, Beyond this

r point, the pleats begin to fold
l back upon themselves and the
. flow passage is restricted,
(b) At the Outlet Cup This limiting condition is usu-
Figure IV-13 Pleat Configuration ally reached at a point within

10° of the tank outlet, making
the included angle of the out-
let cup 20° (with respect to the
center of the tank,

There is a tradeoff between the size of the outlet cup, the
bend radius, and the number of pleats., The fineness of the teeth
on the outlet cup is determined by the above factors, For these
designs, the width (root) of a tooth on the outlet cup was limited
to 0,05 in, and the included angle of the outlet cup is 20°, The
best configuration was obtained with a bend radius of 0,025 in,
and 150 pleats for the A Missions, and 120 pleats for Mission B,
Another tradeoff consideration is that between expulsion effi-
ciency and pressure losses (created by the flow of the propellant
in the annulus), The expulsion efficiency and the pressure loss
tradeoff is used to find the appropriate pleat depth,
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From calculations of the shape of the pleat, a die with three
(or four) consecutive pleats is manufactured, By advancing the
screen material, one pleat at a time in the die, the pleated liner
is formed., A press with such a die installed is shown in Figure
IV-14, Before the screen material can be pleated, it must be
conditioned®* to improve formability of the screen. Any displace-
ment of the wires relative to one another, tending to increase
the pore size, is eliminated by this process,

In addition to the conditioning process of the screen material,
the ultimate percent elongation of the metal must be considered,
Pure aluminum has a 35% elongation and titanium has 207, neither
of which is very ductile in comparison to stainless steel, which
has 55%, In the design of the pleated liner, the bend radius con-
trols the amount of elongation, By comparing the bend radius to
the thickness of the material, the relative elongation induced
can be established. The aluminum screen is 0,006 in, thick and
the titanium screen is 0,004 in, thick, A bend radius of 0,025 in,
was used for all the designs, which is four times the aluminum
thickness and about six times that of the titanium, This is not
an overly-sharp bend and adequate elongation is available,

2. _Joining Methods

Three different types of joints are required for the fabri-
cation and are identified as follows: '

1) Screen-to-screen - Joining of the ends of the screen
section to form the liner;

2) Screen—to-plate - Joining of the screen to the outlet
cup and the coverplate;

3) Plate~to-plate - Joining of the coverplate assembly
to the tank wall,

The plate~to-plate joints are conventional, but joints in-
volving screen material present certaln considerations, Contam-
inant trap areas must be minimized and the screen's integrity
should not be destroyed due to excessive heat (or force) during
joining. Welding and brazing were considered for each joint,
Mechanical attachment was not considered because of the inherent
contaminant trap areas and the relatively poor rigidity of the

%
The actual process 1is considered proprietary to Martin Mari-
etta Corporation, Denver, Colorado,
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joints, Explosive bonding was also not considered because of the
delicate screen materials to be joined and the much simpler methods
available (Ref IV-4),

a, Screen—-to-Screen — Resistance welding is suitable for
joining two sections of screen, The narrow weld joint produced
is easily cleaned, Stainless steel screen has been resistance
welded and cleaned and used with flourine (Ref IV-5),

Both the aluminum and titanium screen can be resistance
welded, Figure IV-15 shows a fixture that has been successfully
used to resistance weld pleated-screen liners.

e ]
o

Figure IV-15 Resistance Welding Fixture
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Electron beam welding (EBW) is also a candidate method for
making screen-to-screen joints, However, additional experience
in making and cleaning this type joint must be obtained before
it can be recommended over resistance welding.,

b, Screen-to-Plate

1) Brazing - The joints required between the screen and
plate are complex, making brazing a simple method for accomplish-
ing the joint, There are, however, considerations peculiar to
aluminum and titanium, Because of an apparent lack of compati-
bility between the braze alloys and the fluorine~based propellants,
brazing was not selected for aluminum, All braze alloys used for
aluminum brazing have a high silicon content, Alloy 718, for
example, contains 137% silicon, 1In addition, for most of these
brazes a practically pure silicon flux is used (Ref IV-6), If
silicon is present in a material in a quantity greater than 1%,
fluorine or OF, will react with the silicon to form SiF, (Ref
IV-7 and IV-8), Instead of adhering as a protective film, the
SiF, will vaporize (SiF, melts at 321°R, and boils at 375°R -

Ref IV-8). At the liquid OF, temperature of approximately 250°R,
the SiF, will not liquify, but during gaseous fluorine passivation
at ambient temperatures, any brazed aluminum joints will be attacked
and weakened by the passivation., Also, even at 250°R, the integ-
rity and protective nature of the solid SiF, film is questionable
(Ref 1IV-8),

Only two techniques for brazing titanium are apparently
available, One uses a 48Zr-4Be braze alloy; the other uses 3003
aluminum, The 48Zr-4Be, as far as braze integrity is concerned,
appears excellent, Also, slight oxide coatings can be tolerated
with this technique (Ref IV-9). However, upon examination of the
available propellant compatibility information of braze alloys
and zirconium alloys, there is some question as to whether this
braze alloy is compatible with the propellants,

Zirconium has been rated as a Class 1 material for
use with hydrazine (Ref IV-10), and due to its atomic structure
it would theoretically not be a catalytic decomposer of hydrazine
propellants (Ref IV-11), No compatibility data exist for zirconium
with nitrated hydrazine, known to be corrosive with metals (Ref
IV-12)., Zirconium is rated incompatible with NpO; (Ref IV-10),
even though there is no apparent reason why zirconium should be
subject to NpO, corrosion (since it and titanium have similar prop-
erties)., However, a zirconium alloy containing 5% titanium has
been severely corroded in ordinary high temperature water (Ref
TV-13). Another problem associated with the use of this braze
alloy is beryllium poisoning, While the beryliium is very toxic,
the hazard can be eliminated if used under the proper conditions,
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The 3003 aluminum does not appear to present as many
problems as the 48Zr-4Be braze, Aluminum, like titanium, is highly
compatiblie with MMH, nitrated hydrazine, and N,04,; therefore, there
should not be any compatibility problems with this braze alloy,
Based upon preliminary data, the integrity of 3003 aluminum brazed
titanium joints seems excellent, Alsc, any titanium alloy can be
brazed to any other titanium alloy without lowering the quality of
the braze joint, However, a completely clean surface is required
for this procedure (Ref IV-14),

_ Wicking of the screen material may cause problems dur-
ing brazing. Molten metal can be drawn into the screen sealing the
openings. By applying a "stop-off" material (such as Cotrenics
Type A) to the screen before brazing, the wicking can be stopped,
This type of stop-off is water socluble and can be removed with a
water rinse,

2) Welding -~ Resistance welding can be used for joining
screen~to-plate, but the joint is difficuit to clean., Resistance
welding of screen~to-screen is satisfactory because wire to wire
joints are desired, When the screen is joined to plate, the joint
should fill with molten metal,

Fusion welding is a means of providing sufficient
molten metal to £i1l the area of the joint, but the application of
heat must be carefully controlled, Considering the relative size
of the wire compared to the plate thickness, the screen wire can
be melted away before the plate weld areas are softened sufficiently
to accomplish a complete weld, Also, because of the fine nature
of the screen, relatively large areas of screen near the weld
joint may be distorted due to heat during welding,

EBW is preferred compared to the resistance and fusion
welding, since the amount of heat applied to the joint may be care-
fully controlled so that melting of the screen occurs only in the
joint arsa., The welding machine i1s also capable of follcwing the
complex joint,

To summarize, the preferred way to accomplish the alu-
minum screen-to-plate joint is by EBW., Either brazing or EBW can
be used for the titanium screen-to-plate joint, although brazing
is preferred because of the joint complexity,

b, Plate~to-Plate -~ Adequate material is available at the
joints so that they can be fusion-welded, The joint will be filled
and no contaminant trap areas formed, Brazing of the titanium
plate-to~plate joint is not desirable because the tensile strength
of the tank will he reduced at the braze temperature of 1200°F,

Table IV~4 is a summary of the recommended joining methods
for each of the different types of joints of the trap,
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Table IV-4 Joining Methods for 1l-g Testable Device

Joining Method
Type of Joint Aluminum Titanium
Screen-to-Screen Resistance Weld Resistance Weld
Screen-to-Plate Electron Beam Weld Braze (3003 Aluminum)
Plate-to-Plate Fusion Weld Fusion Weld
3. Assembly

a. Coverplate - Each of the coverplate assemblies for the
traps uses a perforated plate as its base. This plate is a ma-
chined part and provides for the attachment of the liner to the
coverplate and the attachment of the trap to the tank wall. The
center portion of the plate has a pattern of 0.5-in. diameter
holes, to provide an openness ratio of 0.2.

For Mission A;, the coverplate assembly consists of the
perforated plate and a disk of Dutch twill screen. EBW is used
to attach the screen to the top of the perforated plate.

For Missions A, and B, two perforated plates and a disk
of screen make up the coverplate assembly. The bottom perforated
plate has attachment points and the upper has a 1/8-in. thick
ridge to provide for the proper spacing between plates. The two
plates, with the screen on top, are joined around the periphery
by brazing. A bubble point test of the coverplate should be per-
formed after assembly to ensure screen integrity.

b. Pleated-Screen—Liner -~ After the liner is formed, the
ends are joined by resistance welding. The liner is machined to
the proper size by an electrical discharge milling machine (Fig.
IV-16). It is joined first to the outlet cup and then to the
coverplate assembly.

The entire trap can be bubble checked. A fixture for the
outlet cup is required so the inside of the trap can be pressurized.
By submerging the entire trap in the test fluid, both the cover-
plate and the liner are checked. After the trap is installed in
the tank, the tests will be similar to the 1-g tests, for which
the trap was designed.
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Figure IV-16 Electrical Discharge Milling Machine

4. Cleaning and Passivation

The following procedures, to guarantee that the trap and the
tank are clean prior to propellant loading, should be followed
for all three missions., Each trap component, except for the screen
material, is degreased and then acid cleaned prior to assembly (Ref
Iy-12, 1v-15, and IV-16), Degreasing consists of a vapor degrease
or an acetone immersion, followed by air drying. The composition
of the acid-cleaning solution and the specific procedure depends
on the metal involved and the propellant to which it is to be
exposed,
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For titanfum/hydrazine systems, the part should be immersed
in a room temperature solution of HNOj3, HF, and water for approxi-
mately one minute. This is followed by a thorough, distilled
water rinse and drying by either an oil-free, moisture-free nitro-
gen gas purge, or a vacuum oven bake at 120°F for a period of five
minutes (Ref IV-12). The same cleaning procedure is recommended
for cleaning titanium/N,0, systems (Ref IV-15). Aluminum/BoHg sys—
tems and aluminum/OF, systems can be cleaned by immersion in a room
temperature HNO3 + HpO acid solution for a minimum of one hour
(Ref IV-16). The rinse and dry are the same as recommended for
titanium/hydrazine systems.

After cleaning, other treatment processes may be needed de-
pending upon the specific joining operations to follow. When the
process is complete, the cleaned parts must be stored under con-
trolled conditions.

Screen material cannot be cleaned by the above processes be-
cause the amount of metal that would be removed by the acid
solution would increase the size of the pores. Therefore, a
vacuum annealing process is used to clean the screens. This
is performed after assembly of the trap and completion of the
bubble point tests. A vacuum annealing of the screens, sub-
sequent to each previous bubble point test, is also suggested.
All contaminants and residual alcohol would be removed. Stain-
less steel screens have been cleaned for fluorine service using
this method (Ref IV-5).

Joining the trap to the lower-half of the tank, and joining
the tank halves should be done under clean room conditions and in
an inert atmogphere, A nonacid chemical cleaning procedure is
then used to clean the assembled tank (Ref IV-8, IV-17, and IV-18),
Vacuum annealing of the tank is not recommended because of the
reduction in strength., When the nonacid chemical cleaning is com-
plete, the tanks should be rinsed with distilled water and dried
with a hot (150°F) helium gas purge., A chemical analysis of the
rinse water is used to determine if all the cleaning solutien has
been removed, From this point on, the tanks should be maintained
under a 3~ to 5~psig blanket pressure with helium to prevent the
entry of any contamination.

The OF, oxidizer tank, Mission A;, must be passivated, Gaseous
fluorine is used for the passivation, rather than gaseous OF,,
since fluorine is the most effective agent for passivation of
metals (Ref IV-18). Passivation with fluorine gas appears to
produce a more resistant and tenacious protective film, Procedures
to be used for gystem passivation are presented in Ref IV-19,
Passivation is accomplished immediately prior to loading the tank
(Ref 1IV-20),
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5. Fabrication Testing

To better evaluate forming and joining methods, as applied to
screen materials, a test program was accomplished. The methods
were evaluated by using small samples of either the actual or
representative materials of the propellant trap.

a, Aluminum ~ The actual aluminum Dutch twill screen proposed
for Mission A; was used in the test program (Ref IV-21)., The
first step was to determine the "as received'" properties of the
screen material, Bubble point tests were accomplished to deter-~
mine the pore size, The measured pressure retention corresponded
to an absolute rating of 16 microns (Kressilk Products quoted an
absolute rating of 15 microns),

Some screen was cut into 1 in, by 4 in, strips for tensile
tests, Three orientations were considered: warp wires in the
longitudinal directionj shute wires in the longitudinal directionj
and a diagonal orientation of the weave, When the load is applied
to the larger number of shute wires, the screen has its greatest
strength as shown in Table IV~5 and Figure IV-17, The values
listed in the table are the amount of force required to break the
1-in, wide strips of screen material,

Table IV-5 Ultimate Strength of As Received Screen

Sample Direction Ultimate
Number of Weave Strength (1bf)

1 Longitudinal (warp) 17.6

2 Longitudinal (warp) 18.7

3 Longitudinal (warp) 17.2

4 Transverse (shute longitudinal) 52.9

5 Transverse (shute longitudinal) 57.0

6 Transverse (shute Tongitudinal) 58.2

7 Dijagonal 16.7

8 Diagonal 16.4

9 Diagonal 17.5
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Figure IV-17 Tensile Test Specimens

Approximately 4-in, square sections of screen were pleated
using a die. Seven pleats with a depth of 1/4 in., a pitch of
1/2 in., and a bend radius of 1/16 in. were formed. In the as
received condition, the material does not retain the shape of the )
pleat. As can be seen from Figure IV-18, a wrinkled and rather
flimsy liner section was formed,



MCR=70-171 IV«=33

Figure IV-18 Pleated Aluminum Screen

After performing Martin Marietta's conditioning process,
the properties of the screen were again measured. The absolute
micron rating remained the same (16 microns). A 70% reduction in
the ultimate strength occurred (Table IV-6), but the tensile
strength of the screen is of secondary concern to the design.
Since the liner contacts the tank wall and is rigidly attached at
both ends, it does not experience any appreciable loads. A
striking improvement in the formability of the screen is achieved
by the conditioning process. The screen duplicates the shape and
contour of the die exactly, as seen in Figure IV-18. The best
rigidity is obtained with the pleats parallel to the warp wires.
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Table IV-6 Ultimate Strength of Conditioned Screen

Sample Direction Ultimate

Number of Weave Strength (1bf)
1 Longitudinal 6.4
2 Longitudinal .1
3 Longitudinal 5.5
4 Transverse 17.4
5 Transverse 17.4
6 Transverse 17.9
7 Diagonal 9.6
8 Diagonal 7.8
9 Diagonal 8.2

Resistance welding of screen-to-screen was successful.
A strong, narrow weld joint was produced, as seen in Figure IV-19.
The strength of the weld joint was tested and found to be about

40% of the strength of the material (Table IV-7).

Fracture of

the joint occurred at the point the material met the weld area.

Table IV-7 Ultimate Strength of Resistance

Welded Screen-to-Screen Joint

Sample Direction Ultimate
Number of Weave Strength (]bf)

1 Longitudinal 13.5

2 Longitudinal 14.6

3 Longitudinal 11.4

4 Transverse 33.7

5 Transverse 33.2

6 Transverse 32.0
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, TURING. TECHNOLO e
Figure IV-19 Resistance Welded Aluminum Screen

Screen-to-plate resistance welding was not successful.
A high current is required when aluminum is welded because of its
relatively low resistance. Problems arose because the conductiv-
ity of the plate was greater than the conductivity of the screen.
With the high current, the pressure applied to the screen and the
plate by the electrode must be carefully controlled or burning of
the screen will occur. It was concluded that if higher pressures
and current were used, the joint could be made; however, this does
not appear to be a reliable means of joining screen-to-plate.

Fusion welding (tungsten-inert gas, TIG) of the screen-
to-screen joint was found unacceptable, because the heat required
to melt the metal cannot be applied to a small enough area. Heat
is rapidly conducted by the fine wires, causing the screen to melt,
and separate from the joint. A fusion welded screen-to-plate joint
was made, but was of poor quality (Fig. IV-20). Again the screen
was too easily melted and a continuous bead could not be maintained.

Iv-35
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Figure IV-20 Fusion Welded Screen-to-Plate Joint

b. Titanium - Titanium screen is used to construct the traps
for Missions A, and B. Only a small piece of the actual mesh size
and material, which would be used in the Mission A, trap, could
be obtained, because the vendors do not normally stock such screen.
A coarser titanium screen is easily procured and was used to sup-
plement testing. The actual screen is 180 x 180 mesh twilled
weave with 0.0021-in. diameter wire. The coarser screen is 10 x 58
mesh with 0.019-in. diameter wire. Most of the fabrication and
joining methods of interest were attempted. Bubble point tests
and tensile tests were not considered, because of a lack of mate-—
rial (in one case) and too coarse a material (in the other). A
qualitative evaluation of the techniques was possible.

Resistance welding of both screen-to-screen and screen—to-
plate was successful using the coarse screen. To obtain a satis-
factory joint, a high current and high electrode pressure were
required. A 2 in. mandrel was used so that wires were not broken
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by the pressure. As a result, a rather wide joint was produced.
With the fine/screen, pressure and current could be reduced to
produce a narrow screen—-to-screen joint.

Fusion welding (TIG) of screen-to-screen and screen-to-
plate was accomplished using the coarse screen but a poor joint
was produced. The openness of the mesh causes problems with the
coarse titanium screen. As the weld progresses, variations result
in the amount of material available to form the weld. It is ex-
pected that even the relatively fine 180 x 180 mesh screen will

present this type of problem, though to a lesser (and possibly
acceptable) degree.

While the coarse titanium screen could not be pleated, it
was formed in order to determine the effect of the bend radius.
A 130° bend with a radius 1.5 times the thickness (0.058 in.) was
obtained without breaking wire. This is a much sharper bend than
six times the thickness, as proposed in the designs.
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D. OPERATIONAL DISCUSSION

1. Prelaunch

a. One-g Test - The l-g test is accomplished by inverting the
propellant tank and its surface tension device such that the tank
outlet is oriented vertically upward. The tank is loaded so that
the surface tension device is full of propellant prior to expul-
sion. The ullage is pressurized to flight pressure (or some lower
level), the outlet is opened, and liquid is expelled from the tank
until gas dingestion occurs. The liquid volume outflowed is meas-—
ured to the gas ingestion point to check the predicted performance.
Techniques for‘accomplishing the 1-g test and the results of some
actual tests are documented in Ref IV-22,

A typical test apparatus for accomplishing the l-g test is
illustrated in Figure IV-21. The propellant trap is filled by
pressurizing the receiver tank and flowing propellant through the
pressurization line. The vent on the feed line is opened to allow
complete filling of the test tank. Some gas might be trapped below
the coverplate (with respect to the illustrated orientation) or
within the reservoir but this will not affect the test. It merely
changes the starting point of the expulsion. The tank is then
pressurized and propellant is drained out of the bottom of the
tank to expose the coverplate to the pressurant gas. The cover-
plate should be capable of retaining the propellant in this con-
figuration.
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Pressurization
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Flex Line

;;:>>

Vent

Feed Line

D%Flow Con
£

- Surface Tension

Device

Receiver

Tank Tank under Test
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1
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Figure IV-21 One-g Test Schematic
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Outflow of the trap is accomplished by opening the flow
control valve and allowing the propellant to flow from the trap to
the receiver tank.  One way of monitoring the liquid level is to
measure the weight of the tank. A strain gage system on a canti-
lever beam has been used to measure the weight with good results
(Ref IV-22). A recording of the tank weight by itself would pro-
vide sufficient information about the liquid level at gas inges-

tion. A flow meter and a sight
glass on the feed line would
better establish the flowrate
and the presence of any gas bub-
bles., A differential pressure
screen breakdom— ___ transducer, between the pressurant
N ,_, . inlet and the feed line can also
0 .5 1.0 1.5 2.0 Oft.?]owa]:?me (35.e5c) 4.0 45 50 5.5 6.0 assist in determining the point
of gas ingestion. Figure IV-22
represents the typical change in
weight and pressure for a l-g test
(Ref 1IV-22),

Pressure (psi)

-
™~

-
~
T

The temperature of the
propellant is controlled so that
Screen Breakdown it will be within the range ex-
pected during flight. Tests
with the propellant at the upper
r ; 1 1 . . and lower temperature limits may
15 3.0 4;wm;£m($§ 8.0 10.50 be part of the qualification test.
e Since the MMH, N50,, and nitrated
Figure IV-22 Pressure and Weight vs hydrazine are used at temperatures
Time near 500°R, thermal control pre-
sents no problem. The OF; and
BoHg, on the other hand, stored at 250°R will require that some
means of controlling the heat input into the test tank be used dur-
ing test. A possible means for doing this would be to use the
spacecraft's thermal control system and a vacuum chamber.

-
=)
T T

Time (sec)

-
T

Using these techniques, the actual propellant could be ex-
pelled from the trap. By carefully controlling the pressurant sup-
ply and the flow control valve, the actual flow conditions that
will occur in flight can be duplicated. Once the point at which
gas ingestion occurs has been detected, the amount of propellant
remaining in the trap could be determined from the instrumentation.
The height of the liquid remaining should be equal to or less than
the height determined by analytical methods.
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b. Loading and Handling - The major impact that prelaunch
procedures have on the l-g test design concept is in the area of
gas entrapment. If gas is trapped within either the reservoir or
annulus during prelaunch operations, difficulties in completing
the mission could arise. If gas is trapped within the annulus,
gas will tend to be ingested during expulsion. This small volume
of gas may cause some combustion instabilities but would probably
not be catastrophic. If gas is trapped within the reservoir, there
may not be enough propellant available to feed the annulus and
satisfy all the engine burns. The degree of these difficulties
depends upon the amount of gas trapped, the particular engine,
particular burn, mission objective, etc. The following, therefore,
is a discussion of the impact on the trap design of loading tech-
niques and handling procedures with regard to gas entrapment.

1) Loading — Two possible loading techniques may be used;
one is vented loading, the other, vacuum loading.

a) Vented Loading - A simple vented loading procedure
is accomplished as follows. Consider the tank to be in the upright
position and initially filled with an inert gas blanket. Liquid
propellant is loaded into the tank through the feed line while the
inert gas is vented through the pressurization port. Loading con-
tinues until the tank is filled to the proper level as determined
either by tank weight or a gaging system (Ref IV-20).

Because of capillary pumping or wicking, screen
material can fill with liquild. Consider the effect of wicking on
the annulus of the 'trap during loading. Liquid will wick into the
screen so that it will be wetted to a height above the rising lig-
uid level. When the wicking reaches the coverplate, gas will be
trapped within the annulus between the tank wall and the wetted
concentric liner (Fig. IV-23a). The ability of screen material to
wick depends upon the type of weave. Dutch twill screen is subject
to wicking, while square weave and twill weave screen will not wick
appreciably under 1 g (Ref IV-3). Therefore, the severity of gas
entrapment within the annulus during vented loading is directly
dependent upon the type of screen material employed for the annu-
lus. For Mission A;, the annulus screen material is Dutch twill
so this trap will be subject to ‘gas entrapment. The traps for
Missions Ay and B use a twill weave screen so the amount of gas
entrapped, if any, will be small,
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Inert gas may
also be entrapped within the
trap reservoir during the vented
tank loading, because the cover—
plate is also subject to wicking
(Ref IV-3), 1If propellant, dur-
ing filling, contacts the cover-
plate unevenly, gas will be en—
trapped since a gas/liquid inter-
face will form ahead of the
ascending liquid level and block
an escape route for the inert gas
occupying the reservoir area.
Uneven contacting of the cover-
plate by the propellant can oc~
cur if filling rates are such as
to create sloshing or if the tank
is at a slight tilt angle during

Entrapped Gas loading as shown in Figure IV-23b.
It should be noted, however, that
a) Entrapment within Annulus severe gas entrapment problems

within the reservoir seem fairly
remote, because of the use of a
flat coverplate (a conical cover-
plate would present definite gas
entrapment problems)., If the
tank is filled at a rate faster
than the wicking rate of the
screen material, no gas will be
entrapped. However, for practical
filling rates which would not
produce slosh, wicking of the
screen will always precede the
liquid level.

The size of the
inert gas bubbles trapped within
the annulus or reservoir will be
greatly reduced upon tank pres-
Entrapped Gas surization. For all the missions,
the tank is pressurized to 350
psia, which reduces the volume of
b) Entrapment within Reservoir the gas bubble by a factor of
. 0.05. The possibility exists,

Figure IV-23 Gas Entrapment during
Vented Loading
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therefore, that after pressurization, gas entrapment problems may
be eliminated (size of gas bubbles in annulus reduced so as to not
affect engine performance if ingested and amount of space occupied
in reservoir by inert gas reduced to an insignificant amount).
However, for Mission B, if the reduced inert gas bubbles are not
dissolved by the propellant or expelled from the annulus or reser-
voir, they will increase in size throughout the mission since the
tank pressure will decrease (blowdown pressurization system). This
congideration does not exist for Missions A} and A, because a regu-
lator maintains a relatively constant pressure within the tank.

To reduce the gas entrapment due to vented propel-
lant loading, four possible solutions or combinations thereof could
be incorporated. The coverplate could be designed so that it will
be unstable due to the boost accelerations. By using this approach
any entrapped gas would be purged from the trap; however, the 1-g
test requirement prohibits this type of design. The coverplate
pore sizes required for the l-g test will be stable during boost
and the gas could not be purged.

Another approach

vent Tube would be to add vent tubes to
\J}K/ ‘/C""‘E‘”P‘ate [1/ the annulus of the trap as shown

in Figure IV-24 (Ref IV-23). The
top of the tube would be covered
with the same screen material used
in the coverplate so the tubes
would retain the propellant during
the 1-g test. During loading, the
tubes would provide a passage
through which gas could be vented,
eliminating the problem caused by
the wicking screen. The major

Figure IV-24 Propellant Trap with drawbacks of the design are that

Vent Tubes it further complicates the origi-
nal design, adds some weight, and
slightly decreases expulsion effi-

ciency (propellant held in the vent tubes is wasted). Also, if the
foraminous caps of the vent tubes become wetted prematurely because
of sloshing during loading, gas may still be entrapped. During the
mission, if the screen on the tubes should dry out, liquid would be
lost from the trap.
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A third way in which the annulus may be cleared
of entrapped inert gas is to flush the annulus after loading,
either before or after pressurization. A flushing procedure would
consist of first rotating the tank 180°, so that the outflow port
is vertically upward. Any gas bubbles in the annulus would then
rise to the outflow port. Some propellant is then expelled
from the tank, clearing the annulus of gas. Any gas within the
reservoir, however, will not be cleared. The rotation of the tank,
back to the upright position will also present gas entrapment prob-
lems (see Handling Impacts, below). Also, this technique could
only be employed if the tanks are loaded before spacecraft assembly
and encapsulation because of the difficulty of tank rotation during
on~pad loading.

A possible way of avoiding gas entrapment within
the annulus, is to load the tanks in the inverted position. This
would eliminate gas from being trapped within the annulus but would
now cause gas entrapment within the reservoir if the concentric
liner screen material is subject to wicking as in Mission A;. By
inverted filling, the gas entrapment problem in *the annulus is now
shifted to one within the reservoir area.

b) Vacuum Loading - For this method, the tanks are
evacuated before the liquid propellant is loaded. Any gas en-
trapped in the screen device would be propellant vapor. When the
tank is pressurized the gas will completely condense, eliminating
all entrapped gas. Compared to vented loading this is a much
easier way of eliminating trapped gas. The propellant loading sys-
tem would require a vacuum pump in order to accomplish this type
of loading.

2) Handling Impacts - Two different approaches for load-
ing and handling of the spacecraft (independent of the actual load-
ing procedure) are possible for the three missions. These are
on-pad loading of the tanks after assembly and encapsulation of
the spacecraft, or loading prior to assembly and encapsulation fol-
lowed by transport and mating of the spacecraft to the booster.
Each has its advantages, but the latter would have the most impact
on the trap because the tanks must be moved after loading. Based
on the loading and handling procedures used for the Mariner and
Surveyor spacecrafts and studies of prelaunch operations for this
type of spacecraft (Ref IV-20), loading before encapsulation would
be the preferred approach for these missions. Therefore, the fol-
lowing is a discussion of the impact of that mode upon the design
of the propellant trap.

IV-43
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Entrapment of gas in the annulus or reservoir of the
trap due to the rotation of the tanks is the major impact of load-
ing prior to encapsulation. Rotation may be necessary during the
assembly, system checkout, transportation to the launch pad, or
mating of the spacecraft to the booster. If the Mission B propel-
lant tank (loaded to 50% ullage) is rotated more than 53° from the
vertical position, ullage gas will contact the coverplate. Only a
small portion of the coverplate needs to be exposed to gas before
it will break down due to the hydrostatic head. The 53° tilt is a
practical limit beyond which the tank cannot be rotated. With the
initial 10% ullage for Missions A} and A,, these tanks could both
be rotated 88° before gas would contact the coverplate. This an-
gle would be used as the limit for the tank rotation.

Considering the loading procedures discussed earlier
(in which the tank is inverted), rotating the tanks to their up-
right position would cause breakdown of the coverplate as discugsed
above, for all three missions; therefore, the flushing schemes are
undesirable.

If a larger tilt angle is desired, the tanks could be
completely filled for the period of time that tilting of the tank
is required, and then the excess propellant could be unloaded.

The thermal control system may be capable of maintaining a constant
propellant temperature so that expansion of the propellant would
not be a problem. If expansion is a problem, an accumulator to
absorb the volume changes would be required. Unloading of the ex-
cess would probably have to take place after the spacecraft was
mated with the booster. An accurate means of unloading the space-
craft in this configuration would be required. This approach would
negate the primary advantage of loading before mating, i.e., ob-
taining a very precise propellant load (Ref IV-20).

A better solution, applicable only if the tanks are
vacuum loaded, is to rely upon tank pressurization to condense
all the wvapor bubbles trapped in the reservoir and annulus. This
would mean delaying pressurization, either partial or full, until
all handling procedures have ceased.

Based on the considerations of both loading and han-
dling, a vacuum loading procedure is recommended. This technique
would eliminate all gas entrapment problems when pressurization is
accomplished after handling is complete. Gas entrapment due to the
Dutch twill screen used for Mission A; would not present any prob-
lems and a 180° rotation of the tank would be allowable. If the
allowable tilt angles are not exceeded, vented loading could be
used for Missions A, and B. The twill weave screen would not
cause any problems if the propellant is loaded without producing
any sloshing.
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2. Boost Phase

During the boost phase of the mission, the propellant trap is
completely full and covered with propellant. The device does not
have any function to perform in this phase of the mission. One
concern is propellant slosh induced by the acceleration and vibra-
tion of the booster. The question is whether the slosh could cause
gas to be ingested into the trap. As part of this analysis, any
slosh that could be induced by the wind (while the booster is on
the launch pad) was also considered.

When a partially filled propellant tank is excited longitudi-
nally (Ref IV-24), or laterally (Ref IV-25), either symmetrical or
asymmetrical liquid surface displacement configurations can result
(Fig. IV-25). Since asymmetric |
displacement can produce higher
slosh amplitudes than symmetric
surface displacement (Ref IV-26)
it was given primary considera-
tion. The asymmetric configura-
tion can occur due to longitu-
dinal tank excitation (Ref IV-24),
but the possibility of this oc-

Symmetric

curring during boost is remote.
It would also be difficult to
achieve on the pad, since wind
loads are usually responsible
only for lateral excitatioms.
Therefore, only asymmetric slosh-
ing due to lateral excitation is
of concern. This type of slosh
could reach high amplitudes if

Figure IV-25 Liquid Surface the excitation frequency is near
Displacement in a Spherical Tank the natural frequency of the

propellant.

The natural frequency parameter (wﬁ %) for different propellant

levels in a spherical tank is shown in Figure IV-26 (Ref IV-27).
From these curves, Figure IV-27 was generated. The first mode
natural frequencies needed for the excitation of large amplitude
asymmetric sloshing during ground hold for Missions Aj;, Ay, and

B and for the Mission A; boost phase are shown. The curves for

the boost phase of MissionsiA, and B are parallel to the Mission

Ay curve with each starting at the ground hold value. Only the
first mode frequencies were calculated since these give the largest
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amplitudes (Ref IV-26). The
range of natural frequencies is
between 1 and 2.5 cycles per

40,

second. Based on Viking lander
slosh testing, wind-induced ex-

citation frequencies can be as

[itage ) high as 1.3 cycles per second

| (Ref IV-28). Also, during

@
&

Liquid boost, low lateral excitation

N
=1

]
[« =1

frequencies would probably exist

within that range. Therefore,

high amplitude sloshing may oc-

i cur within the propellant tanks

i for all three missions both dur-

ing ground hold and boost phase.
rd Mode / I

I Even though high amplitude

— sloshing may be initiated, the
[ — | N
2nd Mode size of the ullage must be con-

/ sidered. Since the ullage is

/ 10% for Missions A} and Ay, the

¥ » »
7 ode sloshing would be confined to

B !

1T | the upper half of the tank and

0.2 0.4 0.6 0.8 1.0
Fullness Ratio (h/D)

could not affect the trap. For
Mission B, with a 507 ullage,
the possibility of the slosh af-

Figure IV-26 Natural Frequency fecting the trap seems more
Parameter Variation with Depth of likely, but there are two factors
Propellant in Spherical Tank which reduce the possibility.

The first factor is that a spherical tank tends to dissipate
high amplitude sloshing, because the waves break as they flow up
the walls of the tank (Ref IV-26). The second factor is that the
coverplate damps the effect of the slosh. Before gas ingestion
can occur, the amplitude of the slosh must be large enough to have
gas in contact with the coverplate. Then, the liquid inside the
trap must have sufficient velocity so that it will flow through
the coverplate and allow gas to be ingested. The coverplate of
the Mission B trap (double perforated plate with twilled weave
screen on the upper plate) has very good damping characteristics
(Ref IV-3). It is unlikely that any gas would be ingested when the
inherent damping of the tank and the coverplate is considered.
Higher amplitude slosh than that generated by wind loads or boost
vibration would be required to cause gas ingestion.
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3. low g

a. Thermal Analysis — Before finalizing the configuration of
the l-g test design, an analysis was conducted to determine what
effect the thermal environments of the three missions have on the
propellant trap. The ability of a propellant trap to retain liquid
can be degraded by variations in the thermal environment. Propel-
lant can be lost from the trap if vaporization, thermal expansion,
or growth of a gas bubble occurs inside the trap. Therefore, each
mission was considered in order to determine all the factors that
could cause the thermal environment to vary. Since the thermal
data for these missions are presently either preliminary or not
available, the analysis identified the potential problem areas and
yielded a tentative assessment of these problems.

Vaporization will occur whenever the partial pressure of
the propellant vapor in the ullage is less than the saturation
pressure of the liquid. Heat from the space environment will in-
crease the temperature of the liquid, and vaporization will occur
because of the increase in saturation pressure. Another source of
heat is the engine of the spacecraft. During and subsequent to
each operation of the engine, heat will be transferred from the
engine to the propellant tanks. While the propellant is being
heated by this source, vaporization will occur. The increase in
the gas volume due to the consumption of propellant during a burn
and the addition of helium pressurant during the outflow will also
disturb the equilibrium.

Vaporization occurs at the gas/liquid interface. For a
propellant trap, an interface will always exist at the coverplate
because it must remain wet. Usually there will be a gas bubble in-
side the trap, which is another gas/liquid interface. When vapor-
ization occurs at the coverplate, propellant vapor leaves the
coverplate and enters the ullage. To keep pressure uniform through-
out the tank, a volume of either gas or liquid, equal to the vol-
ume of liquid vaporized, must enter the trap. Unless liquid out-
side the trap is in contact with the coverplate, gas will enter
the trap. On a much smaller scale, vaporization will occur at the
interface of the trapped gas bubble to establish equilibrium. In
this case, the size of the gas bubble will increase by the volume
of liquid wvaporized.

The liquid will be cooled by the vaporization, because the heat
of vaporization must be supplied by the liquid. If the tank wall
opposite the trap is cooler, some of the vaporized propellant will
condense, heating up that wall. A complex process, which reestab-
lishes the equilibrium between the liquid and the gas in the tanks,
takes place whenever this equilibrium is disturbed.
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Thermal expansion is a result of increasing the tempera-
ture of the liquid and thereby reducing its density. A wetted
coverplate provides a barrier to gas, but it does not restrict the
flow of liquid. As long as the liquid in the trap is in contact
with the coverplate, which is usually the case under low g, it will
be forced out of the trap in preference to any gas located in the
trap. Therefore, the increase in liquid volume due to thermal ex-
pansion will be lost from the trap. If the liquid was then cooled,
the contraction would draw liquid into the trap if it was in con-
tact with the coverplate, otherwise gas would be ingested.

The growth of the gas bubble has already been a considera-
tion in the above two effects; both resulted in an increase in the
size of the bubble. Some additional factors that would cause an
increase in the bubble volume must also be considered. If the
liquid in the trap could boil, the resulting vapor would be added
to the vapor bubble. The increase in temperature, required to
boil these propellants at the tank pressure of 350 psia, would be
impossible to attain. In order to boil, the vapor pressure must
equal the tank pressure. Table IV-8 lists the saturation tempera-
tures necessary to obtain a vapor pressure of 350 psia.

Table IV-8 Saturation Temperatures

Nominal Saturation Temperature
Mission Propellant | Temperature (°R) at 350 psia (°R)
A, 0F, 250 340
B,Hg 250 480
A, N, 0., 500 683
MMH 500 200

A value for the saturation temperature of nitrated hydrazine at
350 psia was not available, but at 10 psia it is 690°R.

If the pressure inside the gas bubble in the trap could
become greater than the ullage pressure, liquid would be forced
out of the trap as the bubble expanded. A nonuniform addition of
heat, at a high rate could produce this effect. Engine heat soak-
back is the only heat addition which is not relatively uniform;
but, since it takes hours to reach equilibrium, its rate is low.
Under these conditions the pressure in the tank would remain uni-
form and no pressure differentials would be created.
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The volume of the gas bubble in the trap would be changed
by the increase in the tank temperature and pressure. Increasing
the temperature increases the volume and the increase in pressure
would decrease the volume. The total effect would be negligible
since both are of the same order of magnitude.

By considering each of the above effects, it has been estab-
lished that liquid can be lost due to two effects, vaporization and
thermal expansion. The volume of gas that could be ingested into
the trap is equal to the volume of liquid that is lost due to these
two effects. Since none of the propellant traps are refillable,
due to the l-g test requirement, the total loss of liquid from the
trap during the entire mission must be evaluated. For Missions A;
and Ay, the period prior to the insertion burn does not have to be
considered because the interface will always be in contact with
the coverplate. No liquid can be lost from the trap due to ther-
mal effects during that period. The entire mission must be con-
sidered for Mission B,

The following paragraphs discuss the anticipated thermal
enviromment for Missiomns Aj;, Ay, and B. For each mission, the
loss of propellant from the trap is assessed considering both the
thermal environment and the tank thermal conditions. Vaporization
and thermal expansion of each propellant was calculated based on
the preliminary thermal data available.

1) Mission A; - This mission is characterized by propel-
lants (ByHg and OF,) that are considered to be mild cryogens.
Also, this mission is thermally affected by a long burn period
(orbit insertion) during which 95% of the propellants are consumed.
For these propellants and this mission, preliminary thermal con-
trol studies specify some form of insulation on both propellant
tanks. Because of this insulation requirement, the environmental
heating in space will be reduced.

An analysis of tank'thermodynamics and heat transfer, for
the purposes of the Task II Pressurization Studies, is presented
in Volume I. Based on this analysis, it was found that 6.3 1bm

of OF, would be vaporized during the period from the end of the
insertion burn to the end of the mission. This vaporization would
result from environmental heating and reestablishment of equilibrium
between the gas and liquid following an engine burn. Because of its
low vapor pressure, the amount of ByHg vaporized during the same
period would be negligible. Any vaporization occurring prior to

the insertion burn will not cause gas ingestion into the trap be-
cause the bulk liquid will be in contact with the coverplate.
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A thermal analysis was conducted to assess the effects
of engine heat soakback for Mission A;. For this mission, engine
heat soakback is significant only following the long-duration or-
bit insertion burn. The analysis calculated the temperature of
the propellant as a function of time considering conduction through
the feed line. This is the primary mode of heat transfer because
the tank wall is insulated. A curve (supplied by JPL) of the en-

gine head temperature as a func-
tion of time was used as the

heat source (Fig. IV-28). The
engine head included the bipro-

pellant engine valves and the

700 ’

upper part of the thrust cham-
ber. However, it should be noted

650

N\ that this data is preliminary
N\ and only an estimate for a similar

\\\ type engine. Aluminum feed lines
N were considered because the tanks

600

\\\ are constructed of aluminum; a

\\\ feed line length of five feet
N was assumed. The propellant node

‘\\\\~ included the heat capacities of
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N the propellant, screen trap, and
~~ adjacent tank wall. Only 3.87% of

the propellant loaded remained in
the tank at this time. Results

500

of the analysis showed that a
5° temperature rise in the propel-
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lant occurred over a 30 minute

period following engine shut-
down. This analysis is conserva-

400

tive in that the heat capacity
of the propellant in the feed

0 5 10 15 20 25 line and the heat of vaporization
Time from Engine Shutdown (hr) which would be absorbed by the
Figure IV-28 Temperature History of vaporizing propellant were ne-
Engine Head-End after glected. For the 0F,, a 5° tem-—
Engine Operation perature rise in propellant tem-
perature vaporizes approximately
0.6 lbm.

According to the pressurization study, the OF, tempera-
ture would increase 5° and the B,Hg temperature would increase 2°
due to environmental heating during the period between the end of
the insertion burn and the end of the mission. Thermal expansion,
due to environmental heating and engine heat soakback, would force
0.8 lbm of liquid OF, out of its trap. For the ByHg propellant,

vaporization and thermal expansion are negligible, because of its
low vapor pressure and small change in density with temperature.
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2) Mission A, - This mission is characterized by propel-
lants (N,0, and MMH) that have operating temperatures at approxi-
mately 500°R. The thermal control system must provide heat to
prevent the oxidizer from freezing. For the purposes of the
pressurization analysis it was assumed that the thermal control
system maintains the propellant at a relatively constant tempera-
ture and there would be no environmental heating.

The reestablishment of equilibrium between the gas and
liquid following the engine burns would cause the vaporization of
0.9 lbm of N,0, during the period of time between the end of in-

sertion burn and the end of the mission. Due to the low vapor
pressure of MMH at temperatures near 500°R, vaporization in the
fuel tank during this same period would be negligible.

The results of an engine heat soakback analysis con-
ducted by JPL for the Viking Orbiter were assumed to be a good
estimate of the heat soakback for Mission A, because of the simi-
larities in propellants, engine size, and burn profiles. The data
supplied by JPL were in the form of temperature histories at the
outlet flange and bottom dome of the propellant tanks., The anal-
ysis showed that the only burn that resulted in a significant tem-
perature rise was the orbit insertion burn. This burn period pro-
duced a 60° temperature rise at the outlet flange and bottom tank
dome within 100 minutes of the completion of the insertion burn.
This analysis is considered to be 'worst-case' since it did not
consider the heat capacity of the propellants nor the heat of
vaporization absorbed by the vaporizing liquid. The heat transfer
considered was primarily radiation between engine and tanks. Since
these data are very conservative, the analysis was extended to
approximate the temperature rise by including the heat capacity of
the propellants. The temperature rise was obtained by the follow-
ing:

(mc + (mc AT = (mc ) x 60°
P) wall ( P) liquid P/wall

where m is the mass of liquid in the trap, and W11 is one

liquid
half of the total tank mass. For this assumed heat balance, the
temperature rise was calculated to be 6.8°. This temperature rise,

in turn, produced 0.6 lbm of N,0, vaporization.

A 6.8° temperature rise will not produce any measurable
thermal expansion of the N,0, or the MMH. The vapor pressure of
MMH at these temperatures is less than 1 psia so that the
vaporization is negligible.

%
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3) Mission B — This mission is characterized by a mono-
propellant (nitrated hydrazine) system operating at approximately
500°R. Unlike Missions A; and Ay, this mission does not have one
long burn where engine heat soakback effects are significant. Ther-
mal data in any form for this mission are not available. An en-
vironmental control system must supply heat to the tank to prevent
the propellant from freezing; therefore, envirommental heating is
not a consideration for this mission.

The assessment of engine heat soakback effects is dif-
ficult since data does not exist. However, since nitrated hydra-
zine has a very low vapor pressure at the operating temperature
ranges and will behave in a manner similar to MMH, the results for
MMH from Mission A; can be extrapolated. The qualitative assess-
ment would indicate negligible effects of engine heat soakback on
the acquisition device.

4) Summary - The size of the propellant trap was selected
to compensate for the thermal effects. By keeping as much propel-
lant as possible in the vicinity of the outlet, a heat sink that
reduces the effect of engine heat soakback is provided. At the
same time, a surplus of propellant is provided so that the loss
of some of the liquid from the trap is permissible.

Table IV-9 is a summary of the results of the thermal
analysis. In the right column, the amount of surplus liquid that
will be in the trap is listed. The performance of the trap is
evaluated on the basis of how much of the surplus is lost due to
the thermal effects. If the amount of liquid lost exceeds the
surplus, there will not be enough propellant to start the engine
and settle the propellants for all of the burns.

Table IV-9 Results of Thermal Analysis

Pounds of Propellants Lost from Trap (1bm)

Environmental , SUN])}US
. Heating and/or Engine Heat | Thermal |, '?Pe a?;
Mission |Return to Equilibrium | Soakback Expansion [ 'VaP ( m)

A

OF, 6.3 0.6 0.8 13.45
B,oHg N* N N 4.48
Ay
N,0, 0.9 0.6 N 21.83
MMH N N N 14.07
B

Nitrated

Hydra-

zine N N N 2.40
*None or Negligible
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Only the two oxidizer tanks are affected to any ex-
tent by the thermal environment. According to this analysis, 7.7
lbm of OFy and 1.5 lbm of N50, would be lost from their traps.

Both of these losses are much less than the surplus available in
the trap, which creates an adequate margin of safety for every
tank.

Based on this analysis, it appears that the thermal
environment would never be a problem to the propellant trap for
this type of mission and these propellants. Nevertheless, a pro-
pellant trap is sensitive to the thermal environment. As more de-
tail becomes available concerning the anticipated thermal environ-
ment, the evaluation of its effect on the trap can be refined.

One effect, which could have a significant impact, is
thermal cycling. If cyclic variations of the liquid temperature
on the order of a few degrees could occur, the liquid would expand
and contract in phase with these cycles. As the liquid expands,
liquid would be forced out of the trap. If liquid were in contact
with the coverplate, liquid would be returned to the trap during
the contraction; if liquid were not in contact, gas would be in-
gested. Even if the volume change that occurred each cycle was

.small, the effect could be cumu-
lative. For a large number of
cycles, liquid would be pumped
out of the trap due to this phe-
nomena. ILf some liquid were kept
in contact with the coverplate,
this effect would be reduced to
just a flow of liquid in and out
of the trap. Techniques used in
the following section for the
low—g device could be used with
the trap to provide a volume of
liquid at the coverplate. Fig-
ure IV-29 shows one way this
could be done. The fins are
added on top of the existing
coverplate. Under low g, liquid
will collect in the sharp corners
formed by the fin and the tank
wall.

Coverplate

Figure IV-29 Fins Added to Coverplate
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If the trap could be refilled during the engine burns,
some of the effect of the thermal environment could be overcome.
All the liquid would be returned to the trap during the burns.
Then the concern would be the amount of liquid that could be lost
in the period of time between any two burns, rather than how much
is lost during the entire mission.

b. Mission Profile

1) Missions A} and Ay - In the baseline missions, the
duration of the midcourse correction and orbital trim burns is the
maximum anticipated duration. An actual correction burn could
range anywhere between the minimum impulse bit, to the impulse
specified for that burn in the baseline mission. The minimum im-
pulse bit is the shortest duration burn that can be accomplished
by the engine in conjunction with the guidance and control system.

The minimum impulse bit of 400 lbf—sec for these missions results

in a O.4-second duration burn for Mission A; and a 1l.33-second burn
for Mission Aj.

With respect to the trap, that portion of the mission
which is of the most concern is the period between the end of the
insertion burn and the end of the mission. The design approach
was to retain all the propellant remaining after the insertion
burn in the trap. Of the total amount of propellant in the trap,
a portion was considered as surplus (could be lost from the trap
without degrading the capability of the system to accomplish the
burns). The time required to start the engine and settle the pro-
pellant determines the size of the surplus. For the amounts of
propellant remaining after the orbit insertion burn, the settling
time was conservatively calculated as three seconds for Mission A
and six seconds for Mission Aj.
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The duration of a minimum impulse bit burn is less
than the settling time. If a2 minimum impulse bit burn is accom-
plished, the amount of surplus propellant in the trap will be
increased. Whenever a burn is of shorter duration than that
specified in the baseline mission, the total propellant load
would not be consumed and the unused propellant would remain in
the trap. Both of these factors improve the worst—case operating
conditions. More propellant will be available in the trap so the
pressure losses in the annulus would be reduced. Loss of liquid
from the trap is less of a problem since the surplus was increased.
Therefore, any reduction in the burn duration without changing the
number of burns will not cause problems.

To determine the flexibility of the propellant trap
designed for the basic mission, variations in the number and dura-
tion of the orbital trim burns were considered. The total amount
of propellant available to accomplish the orbital trim burns is
assumed to remain the same (changes in total propellant load are
not being considered).

Two factors limit the number of burns the trap is ca-
pable of providing. The first is the effect of the thermal environ-
ment. There must be some way of providing for the loss of liquid
from the trap due to thermal effects. As discussed in the previous
section, the loss can be provided for by having more liquid in the
trap than is required to start and settle for each burn. This ap-
plies only if the burn duration is greater than the settle time.

For example, consider the Mission A; oxidizer tank
where the amount of propellant available for orbital trim burns
is 30.78 1bm. Since it requires three seconds to settle propellant

located outside the trap, 5.77 lbm of propellant would be consumed

during settling. With the three burns of the baseline mission,
each of approximately five seconds duration, there would be a sur-
plus of 13.45 lbm of propellant that could be lost from the trap.

If five burns of three seconds duration, and consuming the same
amount of propellant were desired, the surplus would only be about
2 lbm of propellant; however, this is not enough to provide for

the loss of liquid from the trap due to thermal effects. The trap
is limited as far as how many equal duration burns can be provided
if all the propellant must be consumed. The limits are four burns
of approximately three seconds duration for Mission A; and eight
burns of approximately six seconds duration for Mission A,.
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Another approach, which would provide a larger number
of burns, could be taken. Consider the OF, tank again. According
to the thermal analysis, 7.7 lbm of OF, would be lost from the

trap, leaving 23 lbm in the trap. Any duration and number of burns
that will consume 23 lbm of propellant could be accomplished. For

example, 20 burns of 0.6 second duration could be accomplished.
But now the expulsion efficiency would be reduced to 98.6% because
the 7.7 lbm lost from the trap could not be burned. Since only

1.5 lbm of N,0, would be lost from the trap, the effect on the ex-

pulsion efficiency is less; it would become 99.4%.

The second factor that limits the flexibility of the
trap is the duration of the last burn. As explained in the analy-
sis of the annulus under low g, the last burn establishes the worst-
case condition for the pressure losses in the annulus. As the
amount of propellant remaining for the last burn is decreased, the
pressure losses under the worst-case condition are increased.

Using the criteria for the worst—case condition, the
last burn for Mission A; must be at least 1.8 seconds in duration.
If the duration was shorter, the amount of propellant in the trap
would be less and the magnitude of the pressure losses would cause
breakdown of the annulus. The pressure loss due to the flow through
the Dutch twill screen causes the pressure losses to be large. If
a shorter last burn was required, the amount of propellant needed
for a 1l.8-second burn would still have to be provided. Only part
of the remaining propellant would be consumed, so the expulsion
efficiency would be decreased.

For Mission A, the last burn could be as small as the
minimum impulse bit. In this case none of the pressure losses are
excessive under low g. With this small a burn, the expulsion ef-
ficiency must enter the consideration of whether the last burn
could be accomplished. About 3.7 lbm of N,04 and 2.2 lbm of MMH

are required to £ill the annulus and it is expected that this re-
mainder cannot be expelled from the trap. A minimum impulse bit
burn consumes 0.54 1bm of MMH and 0.78 lbm of N,0,. It seems that

the 4% margin added to the propellant load (22.5 1b_ MMH and 34.8
lbm N,0y, )should provide enough propellant to allow for the expul-

sion efficiency, especially if it can be shown that the typical
variation in propellant consumption is less than 4%.
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2) Mission B - The characteristics of this mission are
much different than those of Missions A} and A,. Nine burns are
accomplished in the basic mission. The velocity increment required
for each of these burns will fall somewhere between an anticipated
minimum and maximum. It was assumed that the maximum velocity in-
crement would be required for all of the burns when the size of the
propellant load was determined.

A minimum impulse bit of 1.0 1lb_-sec is specified for

£
this mission. This would require a 0.04~-second burn and 0.004 lbm

of propellant would be consumed. It requires between five and six
seconds to settle the propellant for this mission, depending upon
how much propellant is remaining in the tanks.

If additional burns were to be added, the size of the
trap would have to be changed. For this mission, the effect of
the thermal environment on the trap was concluded to be negligible.
Therefore, the size of the trap is determined only by the amount
of propellant required to start the engine and settle the propel-
lant for each burn. If the duration of the additional burn was
less than six seconds, the total amount of propellant must be added
to the trap. If the duration is greater than six seconds, the in-
crease would be the amount of propellant required to start and
settle,

The worst-case condition at the start of the last burn
is also a consideration when variations to Mission B are considered.
All of the pressure losses are very small under low-g conditions,
so theoretically a minimum impulse burn could be the last burn.

The amount of propellant required for this burn (0.004 1bm is

very small compared to the 1.05 1bm propellant that would remain

in the tank due to the expulsion efficiency. All of the burms will
not actually be the maximum velocity increment, so there should be
a sizable amount of propellant (in comparison to that required for
a minimum impulse bit) remaining in the tank.

c¢. Variations in Propellant Properties - Another factor that
remains to be considered is the effect of the variation in the
properties of the propellants. Surface tension and density are
the properties which most affect the design of a surface tension
device. The effect of these properties can best be evaluated in
terms of kinematic surface tension, which is the ratio of surface
tension to density. Since the retention capability of the screen
is directly proportional to the surface tension and, the pressure
losses in the annulus are directly proportional to the density, it
is the smallest kinematic surface tension that is of concern.
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The effect of the variation in the properties could be
evaluated as part of the l-g test, but those effects will not be
considered here. The criteria established were for a test accom-
plished at the nominal temperature. During the mission, the tem~-
perature can vary above and below the nominal value, causing a
variation in propellant properties. The values of the surface ten-
sion and density are listed for upper and lower temperature limits
in Table II-6, The minimum kinematic surface tension occurs at the
maximum propellant temperature, When the designs were analyzed for
the low-g condition, it was usually found that the trap was ex~
tremely over-designed because of the l-g test requirement. The
annulus of the Mission A; oxidizer tank was the only exception, so
it was reevaluated for the worst-case liquid property values.

Based on the criteria for Mission A;, the minimum kinematic
surface tension of OF, occurs at 280°R. The pressure losses in the
annulus and the tretention capability of the screen were reevaluated
at that temperature. It was found that the screen still would pro-
vide adequate retention under the worst-case flow condition. There-
fore, the variation in properties will not adversely affect any of
the designs.



MCR-70-171 V-1

V. PROPELLANT ACQUISITION SYSTEM - LOW-G DESIGN

The Martin Marietta surface
tension concept (the Fruhof) con-
sists simply of an ullage stand-
off post located over the tank
outlet, and connected to commu-
nication channels circling the
tank wall (Fig. V-1). This chap-
ter describes the concept, fabri-
cation and assembly considera-
tions, and its operational per-

- formance for Missions Aj, Ay, and
B.

A. CONCEPT

A rather stringent design
requirement, imposed on the cap-
illary devices presented in the
Figure V-1 The Fruhof, a Low-g previous chapter, was that lig-

Propellant Acquisition Concept uid expulsion be demonstrated on
Earth with the tank held upside
down. This requirement is con-—

sidered stringent since the primary objective of the propellant
acquisition system for Missions A}, Ay, and B is to acquire and
hold sufficient liquid propellant over the tank outlet prior to
main engine burns in the low-g environment. The acceptable design
provides gas—-free propellant to the engine by preventing gas in-
gestion into the feed line until the propellant tank is nearly
depleted.

Removal of the l-g test requirement eliminates the need for
fine-mesh capillary devices. The use of surface tension to sta-
bilize a liquid/vapor interface in Earth g requires that the radius
of curvature of that interface be exceedingly small (micronic).
Fine mesh screen serves this function well, as proven by screen
trap and liner tests (Ref V-1). The use of surface tension to
stabilize a liquid/vapor interface in low g, requires that the
radius of curvature of the interface be smaller at the desired
place than at any other location inside the tank. This is dis-
cussed further in this section.
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One physical description of the effect of surface tension is
based on pressure. The liquid pressure at a curved, free surface,
is less than the ullage (gas) pressure by the amount of the free-
surface membrane stress,

P, =P -0 (1/R; + 1/Ry), [v-1]

where -

R; and Ry = principal radii of curvature of the surface;

o = liquid/gas surface tension (Ref V-2).

The static equilibrium condition in zero g requires that pressure
be uniform throughout connected liquid regions. At equilibrium,

the two principal radii of curvature are such that 1/R; and 1/R, add
to the same value everywhere on the free surface. In a nonequi-
librium state, any pressure gradient will cause liquid flow to the
low pressure region. Therefore, liquid will tend to flow and

orient itself inside a tank where the radius of curvature is min-
imum.

The liquid/solid contact angle is another physical constraint
in the design of surface tension systems. It determines the ef-
fects of tank and internal hardware configurations on the static
interface shapes. The contact line is formed by the locus of the
intersection between the free and rigid boundaries of the confined
liquid. For example, the contact line for a liquid with an axisym-
metric free surface inside an axisymmetric container is a circle.
The contact angle is the angle between two straight lines drawn
normal to the contact line, one tangent to the free surface and
the other tangent to the rigid surface at a point on the contact
line (Fig. V-2).

The equilibrium contact angle is a physical property of the
particular liquid, vapor, and solid substances (Ref V-3). If the
substances are uniform throughout the inside of the tank, then the -
contact angle must be uniform wherever the liquid is positioned.
(In contrast, contaminants can introduce local variations in the
equilibrium contact angle.) If a contact line is located on an
irregularly-shaped solid surface, then there generally must be
considerable distortion of the free surface shape to satisfy the
contact angle condition. The low pressure regions in the liquid
created by the surface distortions cause flow that must move the
contact line until both uniform contact angle and surface curva-
ture are achieved. This can be somewhat complicated by the
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effects of the nonequilibrium contact angle. Liquids with non-
zero equilibrium contact angles tend to exhibit a larger angle
when advancing on a dry surface, and a smaller angle when reced-
ing. This range of possible angles may persist for days, since
the nonequilibrium effects may dissipate very slowly, particularly
for angles greater than 20° (Ref V-4). If possible, large con-
tact angle conditions are to be avoided because of the inherently
long times required for equilibrium orientation, particularly in
the vicinity of irregularly-shaped solid surfaces.

Solid Boundary

Co
i
zan<
. Zo
Q

Normal to Contact Line and
Tangent to Solid Boundary

Normal to Contact Line and
Tangent to Free Surface

Liquid Free

Surface Contact
Angle

Figure V-2 Geometric Description of Contact Angle
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The strength of the surface tension positioning forces is pro-
portional to the cosine of the contact angle (Ref V-5). Therefore,
fluid with a contact angle of 20° has only about 6% less orienta-
tion capability than a fluid with a contact angle of zero. The
value of the contact angle for the propellants considered for Mis-
sions Ay, Ay, and B depends primarily on the liquid surface tension
and the solid boundary surface energy. Solid surface energy can
be expressed as a ''critical surface tension' (Ref V-6). If the
liquid surface tension is less than the critical value, the con-
tact angle is zero. If the surface tension is greater than the
critical value, the cosine of the contact angle is approximately
linearly proportioned to the difference between the liquid and the
critical surface tensions. Clean metal surfaces have very high
critical surface tensions and nonmetallic liquids completely wet
them. However, maintaining a thoroughly clean metal surface re-
quires care. Most monolayer contaminant films (except fluoro-
carbons) have critical surface tensions between 20 and 45 dynes/cm
(Ref V-7). 1t is important, therefore, to guarantee careful clean-
ing procedures in order to keep contact angle to a minimum. A
study has shown that with standard spacecraft tankage cleaning
procedures, expected contaminants such as stearic and oleic acids
do not significantly raise the contact angle of liquid propellants
(Ref V-8).

Using surface tension phenomena and the constraint of consid-
ering only spherical tankage, the design approach was to add a
minimum of internal hardware such that its shape and location
would position the liquid/vapor interface (or free surface) away
from the tank outlet with liquid at the outlet. Since the surface
tension effect is essentially that of a membrane stress, and since
the liquid propellants in this study are wetting or nearly wetting
(contact angle zero to 2°), we may consider that the liquid/vapor
interface acts somewhat like a balloon with gas on the inside and
liquid on the outside. Using this analogy, one can visualize that
a single, straight rod located at the tank outlet will tend to
hold the ullage bubble (except for small ullage volumes) away
from the outlet in zero g.

The ullage standoff post (or pillar) creates a region where
the liquid free surface at equilibrium must be curved more sharply
than for regions away from the post. As mentioned earlier, the
greater the curvature the lower the liquid pressure. Therefore,
if, under dynamic conditions, the free surface moves down along
the pillar and positions itself over the outlet, liquid will flow
into this lower pressure region (created near the outlet) pushing
the surface away from the outlet. 1In this manner, the simple post
guarantees liquid at the outlet in zero g.
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The post geometry factors (height, diameter, and taper) are
design choices. The primary consideration is the amount of
liquid that must be held over the outlet for restart. A 50%
liquid load can be held with a post height equal to 0.21 times
the sphere diameter.

A second consideration is the control of the liquid center-
of-mass for guidance and control. The post establishes a pre-
ferred location for the propellant if there is sufficient ullage
volume. A post height equal to 0.5 times the sphere diameter
controls the liquid location up to an 87.5%7 load. Smaller ullage
bubbles may drift about within a limited region inside the tank;
the smaller the bubble, the larger the region for movement. How-
ever, the small amount of mass movement with these small ullages
is probably negligible.

For Missions A; and A,, the ullage volume at the orbit in-
sertion burn will be about 10%Z of the tank volume. It was as-
sumed that movement of this volume has a small effect on the
vehicle control system (Ref V-18). Thus, no attempt was made to
control the location of a 10%, or less, ullage bubble, except to
keep it from sitting directly over the tank outlet. After the
orbit insertion burn, the remaining liquid propellant is about
5% of the tank volume and will be located over the outlet.

Mission B with a blowdown pressurization system has an ini-
tial liquid load of about 50Z. In the near zero-g environment
of interplanetary space, the spherical ullage bubble is held
away from the outlet in a fixed axisymmetric position by a
post height 0.21 times the sphere diameter. The post height re-
quired to hold a spherical bubble in place in a spherical tank
is governed by the simple geometric relation:

= 1 — 1/3
B/D =1 (Vullage/ Vtank) ’

where H = post height, D = tank diameter, V = volume.

The diameter of the post directly affects the surface tension
holding power of the post. Liquid pressure at the post is less
than the ullage pressure by an amount equal to the product of sur-
face tension and the sum of the two principal radii of curvature
for the free surface (Eq [V-1]). At the post, the second prin-
cipal radius of curvature (i.e., the inverse of curvature) is
negative and is directly proportional to the post diameter; thus,

[v-

2]
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the larger the post diameter, the greater is the surface tension
effect. Tapering the post achieves this larger diameter for
larger amounts of liquid while holding small residual propellant
quantities more closely over the outlet.

The presence of the post de-
vice also prevents small ullage
bubbles from sitting directly
over the outlet (Fig. V=3). The
probable static positions that
various—sized bubbles (5 and 10%
ullage volumes) can attain near
the outlet are pictured. The
proximity of a given-sized ullage
bubble to the outlet at which
ingestion may occur at engine
start can be estimated as follows.
Assume that the bubble velocity
toward the outlet at startup is
the volume flowrate divided by
the surface area of the spherical-
shell shown by a broken line in
Figure V-3. Further assume that
engine startup time is 200 milldi-
seconds. A simple calculation
will then show that a 5% ullage

10% Ullage Bubble

5% Ullage Bubble

+ (Constant Velocity
Outflow Surface)

Figure V-3 Spherical Tank with Ullage bubble tends to move less than

Standoff Post, Showing Closest
Approach of an Ullage Bubble to the
Tank Outlet

5% of its distance to the outlet
before the buoyant force result-
ing from the engine thrust starts
to move the bubble toward the top

of the tank (away from the outlet). This is the case for either
Mission Aj; or A,.* This estimate indicates that the standoff
post will prevent any relatively small ullage volumes from being
ingested during engine startup.

As the ullage volume grows with liquid outflow, the bubble sur-
face will eventually contact the post. If the post height equals
the tank radius, this will occur at ullage volumes greater than
about 12.57% of the tank volume for the A Missions (for shorter
posts, this contact will occur at larger ullage volumes). When
the free surface contacts the post and grows down along the post
it distorts to satisfy contact angle. A balance between the two
principal radii of curvature (to create a uniform pressure through-
out the liquid) is possible only if the free surface is axisymmetric

*Mission B has an initial ullage volume of 50%.
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about the axisymmetric post. Any asymmetry in the surface shape
will tend to be eliminated by liquid flow to the liquid regions of
lower pressure. Thus, an added feature of the Fruhof design is
that liquid can be held axisymmetric in zero g with a predictable
center-of-mass for ullage volumes in excess of 12.57%. This is
also true for very low liquid volumes (which tends to ensure the
desired expulsion efficiency of 99.5%, or more).

Two approaches were taken to verify the Fruhof concept: a
numerical calculation of the static-equilibrium interface shape,
as influenced by the presence of the post; and an experimental
demonstration of the zero-g interface shape using the Martin Mari-
etta drop tower facility.

The analysis is a solution of the surface tension equation
(Eq [V-1]). 1In cylindrical coordinates, the axisymmetric free
surface may be described by the surface height as a function of
radius, Z = n(r). The surface curvature is then (Ref V-9):

1,1 _1d | (a\// dn)? -
E{-'_E{; T rdr E(dr)/ 1+ (dr)] [v=31

The curvature may be expressed in a general coordinate system
through the use of surface tensors (Ref V-10) or vectors (Ref
V-11). The liquid pressure in an axial gravity field is expressed
as:

P =P, - pan [V-4]

Thus, the surface tension equation can be written as a second

order, nonlinear, ordinary differential equation for the free
surface height as a function of radius:

d d / 2
%E l}(a-%)/ 1+ (—g—g—):l = pan + p; - p,- [V-5]

Nondimensionalizing r and n by division by the tank radius R allows
Equation [V-5] to be expressed as

2
e [ V-

paR?/c, the Bond number (Ref V-12);

where

Bo

o
|

(PG - po) * R/o, an unknown constant.
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Equation [V-6] is the Young-Laplace equation (Ref V-9 and V-13).

The contact angle at the post and tank wall and the liquid
volume are the three boundary conditions needed to uniquely define
the free surface position and shape. The second order differential
equation (Eq [V-6]) requires two conditions and the unknown b re-
quires a third. The importance of contact angle in the position-
ing surface is indicated by this mathematical requirement. A nu-
merical solution is readily found using the Bashforth-Adams inte-
gration technique (Ref V~14). Equation [V-5] cannot be integrated
directly since dn/dr passes through infinity as the slope passes
through 90°. Adapting the angle of the slope of the free surface
as the independent variable allows construction of parametric re-
lations. Let

tan 6 = dn/dr. [v-7]
Then Equation [V~6] becomes

1d . _
e (r sin 6) Bon = b,

which can be manipulated to

dr = cos 6 d8/(b + Bon - sin &/r). [v-8]
Equation [V-7] thus becomes

dn = sin 6 do/(b + Bon - sin 6/r). [V-9]

Equations [V-8] and [V-9] are two simultaneous equations for the
free surface radius and height, which may be solved to yield the
parametric representation r = ¥ (8) and n = n (6). The method of
solution is a numerical integration starting at one boundary and
progressively incrementing 6 to the other boundary, e.g., start-
ing at some contact point on the Fruhof pillar and integrating
until the free surface contacts the sphere wall. Two boundary
conditions specify the height and slope of the free surface con-
tact on the pillar at some specified radius. The angle of slope
is the contact angle plus the angle of slope of the pillar.
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The initial guess of the unknown b in Equations [V-8] and
[V-9] is best based on the experience gained in calculating inter-
face shapes. Generally, a value of 0.5 for b is a reasonable
starting point (pogy'pc ~20/r in Equation [V—6]). The choice of
a reasonable 6 increment depends on the method of integratiom.
The minimum truncation error, fourth order Runge~Kotta method
(Ref V-15) with A6 = 0.5° has proven quite accurate and provides
efficient use of computer time.

The nondimensional position of the spherical tank wall may be
represented in parametric form in terms of the slope of the wall:

N = nw (ew> and rw = rw (Gw).

If we place a coordinate system at the center of the sphere, the
wall height and radius are given in terms of the slope of the wall
as:

=
1

-cos 0O
w

[a
Il

sin ©
w
Note that

dn /%r = tan 6 .
w w w

If, in the process of integration, a point is reached where 6 = Qw

- contact angle, we have r = rw and n = nw. Then, the épherical

surface contact has been found and the interface shape,

n=n () and r = r (8), has been determined. However, this can
only occur if the correct value of b has been used in Equations
[V-8] and [V-9]. If the incorrect value of b is used, then when
6 = Gw - contact angle and r = r, simultaneously, the difference

between n and nw measures the error in b, e, = (n - nw)|b=b .
o

Incrementing the estimate of b and reintegrating establishes a
second error, €1 = (n - n@)'b—b . Extrapolation to zero gives an
-D1

improved estimate of b,

biy1 = (bi €1-1 7 Pi1 €i>/<€i—l - Ei) .

[v-10]

[V-11]

[V-12]

[V-13]
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This procedure can.be continued until the error is within some
small bound, typically €, < 107%. At this point, an accurate

approximation of the free surface shape, r = r (6), n =n (8),
is obtained that satisfies a specified position and contact
angle on the pillar and contact angle on the sphere wall. A
typical computer plotted picture of such a solution is shown in
Figure V-4. The volume of liquid may be computed by integration,
assuming a sphere whose radius is ome:

r 1

e r) Volume = 2w S (nP - n;) rdr |
N &
r‘a r2
+ 2 g (n - n_) rdr
w
L]

+
+ 27 (nw - n) rdr

I3

+ 27

(n: - n;> rdr, > [V-14]

[y \.——\ﬁ
N

o
Figure V-4 Free Surface Shape Distor-

tion by Standoff Post (Percent or

Liquid = 22.49, Bond No. = 0)

r1

Volume = 2w @P - n;) rdr
o
rs3

+ 27 (n - n;) rdr
)
1

+ 27 <n+ - n_>rdr.

w w

rs _J
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" When the liquid contact point is not above the sphere equator,
the last integral is set to zero. Equation [V-14] is valid for
either ryp < ry or rg > rj.

To determine the interface position for a specified amount of
liquid, the liquid contact height on the Fruhof pillar is esti-
mated to be equal to the height of the pillar and the contact
angle is estimated as the physical contact angle. The interface
shape and the resulting liquid volume are then calculated. If
the calculated liquid volume is greater than the desired volume,
the estimated contact height on the pillar is decreased and the
calculation of interface shape and liquid volume is repeated
until the desired liquid volume is obtained. If the initial cal-
culated volume is less than the desired amount, the estimate of
contact angle is increased (since the physical contact angle at
a corner is not defined) until convergence on the correct inter-
face shape to match the specified liquid volume is obtained.

Computer pictures showing the static-free surface location
of the propellants before each burn during Misgsion A; are pre-
sented in Figure V-5. The first picture (a) is representative
of possible location of the ullage bubble (v10% volume) before
the midcourse corrections and the orbit insertion burn. The
bubble is free to move anywhere inside the tank except over the
tank outlet. The change in ullage size following the midcourse
burns is not significant. Since no data are available on con-
tact angle exhibited by either diborane or oxygen difluoride, a
contact angle of 0° was assumed for the two propellants. A
similar series of pictures, showing the static—free surface
position before each of the engine burns during Mission B, is
presented in Figure V-6. The propellant margin required by
mission criteria was conservatively assumed to be used during
the last burns.

Tests were performed in the Martin Marietta drop tower (Ref
V-16) to verify (at least qualitatively) certain key operational
features of the Fruhof. The test objectives were to:

® Provide zero-g equilibrium interface configurations
for different liquid volumes and pillar orientations;

#® Show ability of pillar to position ullage away from
the tank outlet under zero and low-level, constant
accelerations;®

® Demonstrate the ability of the pillar and communica-
tion channels to refill with liquid.

*These axial accelerations tend to move liquid away from the
tank outlet.

vV-11
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a) Representative of Conditions Prior to First and Second

Midcourse Burns and Orbit Insertion Burn (Percent Liquid b) Prior to First Orbit Trim Burn (Percent Liquid = 3.42,
= 90 to 88.9, Bond No. = 0) Bond No. = 0)
c) Prior to Second Orbit Trim Burn (Percent Liquid = 2.25, d) Prior to Third (Final) Orbit Trim Burn (Percent Liquid =
Bond No. = 0) 1.17, Bond No. = Q)

Fig. V-5 Liquid Orientation by the Fruhof Device before Each
Burn on Mission A;



Percent Liquid = 50,00, Bond No, = O Percent Liquid = 45,10, Bond No. = 0 Percent Liquid = 44,00, Bond No, = 0 Percent Liquid =

///////”

Percent Liquid = 22,10, Bond No, = 0 Percent Liquid = 16,70, Bond No, = 0 Percent Liquid = 14,60, Bond No, = 0 Percent Liquid

Fig




MCR«70-171 V-13 and V-14

id No, = 0 Percent Liquid = 45,10, Bond No. = 0 Percent Liquid = 44,00, Bond No, = 0 Percent Liquid = 41,20, Bond No, = 0 Percent Liquid = 39,30, Bond No, = 0

nd No, = 0 Percent Liquid = 16,70, Bond No, = 0 Percent Liquid = 14,60, Bond No, = 0 Percent Liquid = 4.20, Bond No. = Q

Figure V-6 Liquid Orientation by the Fruhof Device, before Each Burn
on Mission B, Showing Free Surface Shape Distortion by
the Standoff Post
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The qualitative results were determined from 16mm color film
records. Film speed was 200 frames per second to provide at
least 400 frames for each 2.1-sec drop. The test specimens were
glass and spherical to satisfy the visual and similitude require-
ments. The baseline tank geometry for the three planetary mis-
sions is spherical. The pillars were untapered, metal rods.

Benzene was chosen as the test liquid because of its high
kinematic surface temsion (B = 11.6 x 10~% ft3/sec?) and low
surface tension (G = 1.98 x 1073 lbf/:fg . Attainment of the

liquid/gas equilibrium configuration during the limited test
duration was desired for most tests. The time to establish the
zero—g curved interface from the 1l-g flat shape (prior to the
drop) is proportional to the parameter,\/r3/8 (Ref V-17). The
high B value for benzene reduced the reorientation time, since its
low surface tension value ensured that it would wet the glass
specimens (assuming proper cleaning).*®

Complete descriptions of the free-fall facility and testing
procedures are presented in Ref V-16. The tests, summarized in
Table V-1, are discussed in the following paragraphs.

In the first series of tests, three different sized spheres
(1.9, 2.8, and 3.8-in. dia) were tested simultaneously with the
same percentage of liquid. Different liquid levels were used.
One purpose of the initial tests was to select the sphere size
that allowed orientation of the free surface from the l-g flat
position to the zero-g shape in a reasonable fraction of the
2.1-sec free-fall time available.

Enlarged frames selected from the films of the first tests
are presented in Figure V-7. " The zero-g interface positions
verify that liquid is held over the outlet. The 2.8-in. diameter
sphere was chosen as the test item for the remaining test series
since it represents the best compromise between clarity (of the
filmed results) and reorientation time demands.

*The critical surface tension value to wet glass is 3.42 x 1073
lbf/ft, i.e., liquids possessing surface tensions of greater value

will not wet glass. The detergent wash, water rinse, and air dry
cleaning technique used in the drop tests did, however, yield con-
tact angles with the benzene to 20° (as observed from the filmed
results). Even with this relatively large contact angle, the
Fruhof appeared to function adequately and as predicted.

V-15
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Table V-1 Summary of Drop Tower Tests on Fruhof Design Concept
Post
Liquid Load Diameter/
« Test Accel- (% of sphere Sphere
Run SpecimenT eration (a/g volume) Diameter Test Purpose Test Results
1 1 0 2 0.05 Demonstrate zero-g Stable equilibrium interfaces formed in three spheres with qualitative
interface shape on agreement with dnalysis
2 1 0 10 0.05 post Stable equilibrium interfaces formed in three spheres
3 1 1] 25 0.05 Liquid in sma]]est‘sphere stabilized to zero-g interface shape;
the others still had residual sloshing at end of test’
4 1 0 50 0.05 Equilibrium interface shapes formed in three spheres in agreement with
analysis
5A 1 0 2 0.025 No effect of smaller post diameter was seen (Run 5 was defective)
6 1 0 10 0.025 Sloshing persisted in largest sphere to end of test; other two reached
equilibrium interface shapes
7 1 0 25 0.025 Sloshing persisted in all spheres to end of test
8 1 1] 50 0.025 A1l spheres achieved equilibrium zero-g conditions; however, smaller
post diameter slowed slosh damping
9 2 0 80 0.05 Demonstrate surface Surface tension force was too small to see any difference between hydro-
tension force of post| dynamics in sphere with post and sphere without post
in pushing ullage ;
10 2 0 85 bubble away Surface tension force on ullage bubble was too small to be seen
11 2 0 90 Ullage bubble formed more slowly in sphere with post; but bubble velocity
away from top was higher in sphere with post
12 2 0 95 Ullage bubble acceleration by surface tension force at post was easily
seen
13 3 0 10 Demonstrate lateral No liquid came in contact with post during test because of low Tiquid
post orienting u]- Tevel
14 3 0 25 ;I;g: ::ggle to side The post surface force began pumping liquid to side of sphere with post
P by end of test
15 3 0 50 An ullage bubble was formed and pushed away from post
16 3 1] 70 An ullage bubble was formed and pushed away from post
17 3 0 90 The ullage bubble was too small to come in contact with post
18 4 ~0.0015 10 Demonstrate liquid Liquid interaction with flange dominated the flow, obstl:ucting the effect
retention capability | of the post
under negative P s : ;
19 -0.0015 25 accelerations Liquid interaction with flange dominated flow
20 -0.0015 50 Post retained most of liquid, while 1iquid in sphere without post
settled away from outlet
21 4 -0.0079 10 Post retained most of liquid
22 4 -0.0079 25 Slosh dynamics persisted through test, obscuring results
23 4 -0.0079 50 Post appeared to retain some liguid
24 4 -0.039 10 Acceleration settled liquid away from outlet in both spheres
25 4 -0.039 25 Acceleration settled Tiquid away from outlet in both spheres
26 2 o} 10 Demonstrate post and | No liquid came in contact with post during test because of low liquid
channel refill Tevel
27 2 0 25 No liquid came in contact with post during test because the flange inter-
rupted the flow
28 2 0 50 The post was filling with liquid at end of test, whereas liquid in
sphere without post did not reach outlet region
*Te‘st liquid was benzene; test duration was approximately 2.1 seconds.
TTest specimen designation:
1 = Three spheres, 1.9, 2.8, and 3.8 in. dia (sphere consisted of two flanged hemispheres joined at equator; post was a drill bit imbedded in outlet
stopper). Each sphere had a post at the bottom (length = 0.4 x sphere diameter).
2 = Two spheres, 2.8 in. dia. One sphere without post (control) and one sphere with post at top (length = 0.2 x sphere diameter). 3-mil wire loops
used as communication channels.
3 = Two spheres, 2.8 in. dia. One sphere without post (control) and one sphere with pest at side (length = 0.2 x sphere diameter). 3-mil wire loops
used as communication channels.
4 = Two spheres, 2.8 in. dia. One sphere without post (control) and one sphere with post at bottom (length = 0.2 x sphere diameter). 3-mil wire Toops
used as communication channels.
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b) Zero-g Configuration (seen best in left sphere)

Figure V-7 Frames from Motion Picture Film of Fruhof
Test Run No. 4

V-17
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The second series of tests was designed to see how the pillar
functioned with a relatively small ullage bubble. Two identical
spheres were observed side-by-side, one with a standoff pillar at
the top of the container, the other with no pillar. Comparison
of the free surface motions in the two spheres allowed isolation
of the effects of the pillar. Six liquid levels were tested:
25%, 50%, 80%, 857%, 90%, and 95%. 1In the first four tests, the
flat 1-g surface did not contact the post; in the last two, the
initial flat surface did make contact. For all six tests, the
base of the post was dry (not wetted). During the tests, the
free surface in both spheres changed from near-flat to near-
spherical. For the high liquid volume tests, the ullage bubble
formed more slowly in the sphere with the post, caused by liquid
surface interaction with the post. The liquid flow created in
forming these bubbles continued after formation, causing them to
move from the top of the sphere toward the bottom. For the 957%-
full case, the force the standoff pillar exerts on the ullage
bubble to push it away from the outlet was clearly evident. The
bubble in the clean tank, once formed, moved about 807 of the
diameter of the sphere. The bubble in the sphere with the post
left the post at a higher velocity and collided with the bottom
of the container. Figure V-8 shows a sequence of frames selected
from the film coverage of the 95Z-full test.

The third series of tests was designed to demonstrate that
the holding power of the ullage standoff pillar, as seen in the
earlier tests, was not due to the test sphere orientation. Again,
two spheres were used (one with a post, the other without), but
they were positioned on their sides. The results showed that the
zero-g ullage bubble fiormed in the sphere with the post achi-=ved
an ofrset position (away from the post). The ullage bubble in
the clean tank remained axisymmetrically positioned (Fig. V-9).
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2) Initially Identical Bubble Formation

m 6) Bubble on Left Still Behind Bubble on Right 7) Bubble on Left Passes Bubble on Right 8) Bubble on Left Strikes Bottom First

Figure V-8 Frames from Motion Picture Film of Fruhof Test Run No. 12,
Showing Progressive Fluid Motion through Test

2 3
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a) Initial 1-g Configuration (50% liquid Toad)

b) Zero-g Configuration (bubble pushed to left
side in left sphere; bubble symmetric in
right sphere)

Figure V-9 Frames from Motion Picture Film of Fruhof
Test Run No. 15

V-21
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gure V-10 Effect of Negative
Acceleration on the Holding Power
of the Ullage Standoff Post

10

The results of the test pro-
gram show that the ullage stand-
off pillar performs well in
zero g. A critical question is
the ability of the device to
hold liquid over the outlet
under an axial acceleration tend-
ing to position ullage at the
outlet.® Computer calculations
of interface shapes for negative,
nonzero Bond numbers were made.
For a given liquid level, a se-
quence of increasing negative
Bond numbers were input to the
computer until the numerical
technique could no longer find
a static equilibrium interface
condition. The failure to find
a solution was due to rapidly
increasing program convergence
difficulties. The last solution
found serves as a conservative
estimate of the stability cri-
terion. Figure V-10 presents
the results of the calculations.
1f, for example, a liquid volume
equal to 1% of the tank volume
must be positioned at the tank
outlet to guarantee successful
engine start, then the magnitude
of the Bond number acting to
move liquid away from the
outlet due to drag must be less
than 0.4. This requirement is

equivalent to holding the gravity level below 2.2 x 10~° g before
engine start on Mission A, and below 2.3 x 107° g before engine

start on Mission B.

The mission acceleration enviromments (Tables

I1-2 and II-4) show that this is satisfied by more than one order
of magnitude on Mission A} and by more than two orders of magni-

tude on Mission B.

*This type of acceleration is termed a negative acceleration
since it tends to move liquid away from the tank outlet; a posi=-
tive acceleration tends to position liquid at the outlet.
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The 10~7 g environment acting prior to an engine burn for Mis-
sions Ay, Ay, and B, has no perceptible effect on the holding
power of the standoff pillar. However, for other missions such
as Earth orbit and lower altitude Mars orbit missions, the drag
force on the spacecraft could be large enough to overcome the re-
quired liquid holding capability of the standoff device. There
are a number of design steps that may be used in the spectrum be-
tween the simple pillar and the fine mesh screen trap (Chapter
IV) to hold liquid under gravity, or acceleration, forces between
107 and 1 g. Some modifications are presented in the following
paragraphs.

A hollow ullage standoff
post (or standpipe) will hold
more liquid at the outlet (Fig.
V-11). The pipe diameter can be
optimized to provide the maximum
surface tension stabilization.
A perforated coverplate may be
required over the outlet, how-
ever, to avoid free-surface
pull-through during the transient
settling at engine startup.
Multiple, concentric standpipes
can be used to further increase
the surface tension holding capa-
bility by decreasing the free-
surface radius of curvature in-
side the annuli. This type of
configuration is shown in Figure
v-12.

Cylindrical
/— Pipe

Liquid Another approach to improv-
ing the surface tension holding
power of the ullage standoff
device is to add vanes at its

base, as first proposed by Martin

Outlet Coverplate

Figure V-11 Hollow Ullage Standoff Marietta in 1968 (Ref V-18). The
Pillar or Standpipe vanes (Fig. V-13) divide the
Concept liquid into separate compart-

ments that afford smaller radii
of curvature to the free-surface of the liquid. The smaller
radii increase the surface tension force acting on the liquid.
Some possible advantages of vanes over the standpipe configura-
tions include a lessening of the surface dropout problem and
antivortexing. The addition of vanes is equivalent to adding
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concentric standpipes. As the negative gravity holding require-
ment increases, a point is reached where a closed trap device is
simpler and more attractive.

A simple trap design consists of a plate with large openings
positioned above the outlet. The holes are sized small enough
to hold (stabilize the interface) against the design g-level, but
large enough to permit any trapped ullage gas bubbles to escape
during thrusting. It is designed to be full of liquid prior to
engine firings. The trap volume is large enough to supply gas-
free liquid to the engine until the bulk propellant is settled.
Once settling is accomplished, buoyancy forces will tend to purge
ullage from the trap.

Three Concentric
Standpipes

Pillar

Figure V-12 Multiple Concentric Figure V-13 Ullage Standoff Pillar with

Standpipe Concept Vanes Concept

Successful trap operation in a high negative-g field precludes

the use of a plate with holes. large enough for trapped ullage gas
purging. Descriptions of these systems are presented in detail in
Chapter IV.
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The Fruhof concept is an acquisition device that depends on
liquid being located in its most stable configuration, i.e., over
the outlet and in contact with the single post. A second, less
stable liquid configuration exists where the liquid is not in con-
tact with the outlet under certain conditions, namely: the tank
is not perfectly spherical; the liquid contact angle is not zero;
or the gravity level is not zero. Two stable configurations in
zero g for a sphere 20% full of liquid having a nonzero contact
angle are shown in Figure V-14. 1In the right-hand figure, the
small amount of liquid over the outlet is at a lower pressure
than the bulk liquid at the opposite end of the tank. Since
there is no liquid communication between the two regions, the
condition shown is stable. The bulk liquid free surface is spher-
ical with its radius of curvature defined by the amount of liquid
and its contact angle with the spherical wall.

Percent Liquid = 20.00, Bond No. = 0 Percent Liquid at Post = 1.30, Bond No. = 0
(Percent liquid removed
from post = 18.7)

Figure V-14 Comparison of Two Stable Liquid Configurations, Showing
Free Surface Shape Distortion by Standoff Post
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The Martin Marietta capil-
lary sump and duct concept (Ref
V-18) shown in Figure V-15, is
one way to provide communication
between the two stable regions.
Such a device is similar to the
current design for the Viking
Orbiter (Ref V-19). The cruci-
form between the top of the tank
and the vanes at the outlet fills
with liquid to satisfy contact
angle and free-surface curvature
requirements. Once the liquid
in the cruciform connects the
bulk liquid at the top of the
tank to the liquid over the out-
let, the pressure difference will
cause nearly all of the propel-
lant to flow to the outlet region,
which is its most stable position.

A major disadvantage of hav-
ing the communication channel on
the axis of the tank is that a
considerable amount of liquid may
possibly orient itself on the

Figure V-15 Capillary Duct and tank in contact with neither the

Sump Concept tank top nor the tank bottom.
Simple algebraic calculations

on the intersection of two spheres representing a liquid with a 2°
contact angle show that such an isolated liquid pocket could be
over 2% of the tank volume. Another consideration is that the
channel on the axis acts to orient liquid at both ends of the tank.
At low liquid load levels, the half of the liquid oriented at the
top of the tank will undergo large amplitude settling motion at
engine start. This motion may cause vapor ingestion. Placing the
communication channel on the tank axis also creates the possibility
of large scale propellant asymmetry at engine startup. Liquid
asymmetric settling can cause vehicle control stability difficul-
ties (Ref V-19).
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The direct method to minimize liquid pockets removed from the
outlet is to place communication channels along the tank wall in-
stead of on the tank axis. Any fluid pocket away from the post
will be on the wall and will have a higher pressure than the
liquid at the post. Providing a continuous liquid path along the
wall between the two liquid regions causes the liquid to flow to
the low pressure region at the post.

The number of channels placed on the wall from the post to the
top of the tank determines the size of liquid pockets that are not
in communication with the pillar. Four channels, 90° apart, con-
nected to the pillar and to each other at the tank top reduce the
maximum liquid pocket to less than 1Z of the tank volume. Eight
channels, 45° apart, further reduce the maximum liquid pocket size
to less than 0.4% of the liquid volume.

Vehicle accelerations can move liquid away from the outlet and
drain most of the liquid from the exposed portions of the communi-
cation channels. After an acceleration is terminated, the channels
first refill with liquid by capillary pumping, and then carry the
propellant back to the pillar. The channel cross-—-section shape and
size determines the refill capability and the time required to
reorient the liquid over the outlet.

The liquid pumping capability of the communication channels
was tested as part of the drop test program to verify the ullage
standoff post concept. Loops fashioned from three-mil diameter
wire were positioned adjacent to the interior sphere wall and
attached to the post (Fig. V-8 and V-9). Two loops, 90° apart,
were used. The wires, as seen in drop tower motion picture results,
pumped so slowly that they did not £fill in the test time available.
However, the V-groove at the junction of the two sphere halves
filled very rapidly. The radius of curvature required in the V-
groove was much smaller than that at the wire loops, increasing
its pumping power considerably. These tests confirmed that sharp
corners on the channels aid in guaranteeing a continuous liquid
path between the standoff post and any isolated liquid. Filling
the channel by surface tension pumping requires that a stable inter-
face not form in the channel. A stable interface requires uniform
curvature, which cannot occur in a sharp—cornered channel with the
propellants considered in this study, because of their near-zero
contact angle.* For this reason, V-shaped channels, as shown in
Fig. V-16, are proposed.

*As the liquid moves up the sharp corner to satisfy contact
angle, the second principal radius of curvature of the liquid/gas
interface becomes smaller, resulting in a lower liquid pressure in
this region (Eq [V-1]). This pressure gradient causes liquid to
flow along the channel.
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Communication channels are not re-
quired with liquids having a zero con-
tact angle. However, to provide a more
universal design, it is felt that the
system should be capable of accommodat-
ing nonzero contact angle situations
and communication channels should be
incorporated in the low-g design.

A gap between the channel and the
Somuricatton tank wall must be maintained to prevent
contact and rubbing against the wall.

Standoff Past The smaller the gap, the faster the
channel refills; however, a large gap
yields a larger liquid cross-section,
which increases the volumetric flow
rate.

Modeling of the hydrodynamics of
Section AA the reorientation process was not pos-
Figure V-16 Ullage Standoff Post Sible during this study. However, re-
with Communication Channel orientation t%me-can b? estimated from
Concept the characteristic capillary response
time, Vprg/c (Ref V-17). For the mis-
sions and propellants considered in this study, the estimate ranges
from 100 to 500 seconds.

The 1liquid retention capability of instrumentation probes,
cooling coils, and other protuberances is similar to the retention
at the standoff pillar. Each probe will retain liquid in zero g
as confirmed by drop tower tests of liquid/vapor sensors [Ref V-20).
Therefore, the location and configuration of any instrumentation
probes or other protuberances in the propellant tank must be con-
sidered in the detailed analysis and design of the propellant
acquisition system flight hardware. If cooling coils, for example,
are required within the tank for the space storable propellants
they may be incorporated as part of the communication channels.

In summary, the search for a propellant acquisition device
using surface tension that satisfied the requirements of Missions
A1, Ay, and B, but did not have to satisfy minus 1l-g testability,
has yielded a very simple design that consists of an ullage stand-
off post with communication channels near the tank wall.
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B. FABRICATION AND ASSEMBLY

Aluminum is required for propellant compatibility on Mission
Ay, and the alloy chosen for the tankage was 2219, as discussed in
Volume I. It is recommended that the post and communication chan-
nels be made of 6061 AL since it is easily welded, readily avail-
able, and the strength of 2219 AL is not required. Figure V-17
shows an assembled propellant tank with the low—g acquisition de-
vice installed for Mission A;. The tank, itself, consists of two
hemispherical shells joined at a support ring with a pressurant
inlet fitting at the top and an outlet fitting at the bottom. The
ullage standoff post is a solid, machined metal piece formed so
that its bottom serves as an outlet coverplate, as shown. Its
height, equal to 427% of the tank radius, was chosen to provide pre-
cise axisymmetric ullage control for volumes greater than 50% of
the tank volume. The post is joined to the outlet fitting at the
rim of the coverplate section.

Propellant compatibility requires that the tankage for Missions
A, and B be titanium, and the alloy 6A%—-4V Ti was chosen. The
material selected for post and communication channels assembly is
Ti-40, since the pure metal is more ductile and is easily welded.

Figure V-18 is a detail design drawing and shows fabrication
and assembly details of the Mission B low-g acquisition device.
The Mission A, design is identical (scalable to the tank dimen-
sions), and for this reason a separate drawing is not presented.
Figure V-19 shows the detail design of an alternate Mission B de-
vice (discussed in Section A); the ullage standoff pillar with
vanes. The vanes provide greater liquid holding ability at the
outlet. The design presented in Figure V-19 permits engine restart
at three orders of magnitude greater vehicle drag than required for
Missions A, and B. This performance increase, as seen, increases
system complexity.

An alternate assembly with pressurant supplied through the
outlet, requiring only one tank penetration, is included in Figure
V-18. The concept is valid for all three missions. Two alternate
hole patterns on the coverplate over the outlet are also shown.
Both patterns are adequate to prevent gas ingestion if the post
area should for any reason become dry. The Bond number stability
criterion is

1apr2/oi < Bo critical = 0.84, [V-15]

for no bubble breakthrough under a negative gravity or acceleration.
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Considering all the propellants for Missions A;, Ay, and B, it

would require a negative acceleration greater than 0.07 g for ullage
to be ingested into the feed line through the 0.25-in. diameter
holes. The critical acceleration level (negative) is more than
three orders of magnitude greater than anticipated on any of the
missions. The second criterion is the interface stability provided
by the holes against hydrostatic heads created by a lateral accel-
eration (parallel to the surface of the coverplate);

lpah| < 4o/r, [V-16]

for zero ullage breakthrough (where h is the maximum distance
between holes). From Equation [V-16], the lateral acceleration

for breakdown is greater than 0.02 g for Missions A;, Ay, and B,
which is again at least three orders of magnitude greater than that
anticipated. The coverplate provides structural support for the
post, as shown. If vanes are used (Fig. V-19), the coverplate is
not needed.

Flat areas are machined at the base of the post to facilitate
joining the communication channels to the post. The channels are
also joined to the tank wall near the equator and to a free-stand-
ing junction hub at the top of the tank. A constant gap size is
maintained between the tank wall and the channels. The gap chosen
is large enough for ease of installation without severely penaliz-
ing its surface tension pumping capability. The V-shape purges
ullage from the channels and was also chosen because of the ease
of manufacture and assembly of the sharp-cornered sections.

The attachment and joining procedures are of particular con-
cern. As with the l-g testable design, at least four joining pro-
cedures are possible. Because both resistance welding and mechan-
ical fastening tend to create contaminant trap areas, these pro-
cedures were eliminated from consideration.

For Missions A; and B titanium tankage, the 3003 AR brazing
process could be used for the joining operations of the ullage
standoff post configuration. However, 3003 AL brazing tends to
anneal structural titanium alloys like 6A-4V. For effective in-
stallation of the Fruhof into the tank, the first assembly pro-
cedure after standoff post fabrication is joining the standoff post
to the outlet fitting. Since the outlet fitting is a structural
element of the propellant tank, use of 3003 AL brazing in this
joining step and in following steps appears undesirable because
of the annealing problem. The thickness of the outlet fitting
could be increased to reduce the effect of the loss of strength
resulting from annealing; however, electron beam welding and fusion
welding processes are also applicable and, therefore, were chosen
as joining techniques for the Mission A, and B systems (Fig. V-18).
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For the Mission A; aluminum tankage, electron beam or fusion
welding appear to be the only joining processes available because
of the incompatibility of all A% brazing alloys with the propellant.

For the vaned post configurations, either one piece machining
or brazing of the vanes to the post seem applicable. Welding the
individual vanes to the post becomes impractical because of re-
stricted space. For Mission A;, one piece machining is recommended
because of the unavailability of compatible braze alloys. For
Missions A, and B, 3003 A2 brazing is recommended.

The steps of tank assembly and installation of the ullage stand-
off post are as follows:

Missions A, and B

1) Weld standoff post to outlet fitting;

2) Weld communication channels to junction hub;

3) Weld channel assembly to standoff post;

4) Weld outlet fitting to bottom spherical shell;
5) Weld channel assembly to bottom spherical shell;

6) Weld pressurant inlet fitting to top spherical shell
(if required);

7) Closure weld top spherical shell to bottom shell.
Mission A

1) Same as abowe;

2) Same as above;

3) Same as above;

4) Weld bottom spherical shell to support ring;

5) Weld outlet fitting to bottom spherical shell;

6) Weld channel assembly to support ring;

7) Weld pressurant inlet fitting to top spherical shell
(if required);

8) Closure weld top spherical shell to support ring.

Quality control checks by X-ray of each weld are essential.
Checkout of the structural integrity under simulated launch loads,
including slosh and vibration, is required. Verification of the
structural compatibility with mission temperature extremes is nec-—
essary. A quality control check on the maintenance (within accept-
able limits) of low contact angle over long periods of aging is
needed to guarantee maximum surface tension orientation and con-
trol capability.
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Unlike the l-g testable designs, the reasons for precise clean-
ing of the designs presented here are, at least, two-fold: propel-
lant-material compatibility; and nondegradation (increase) of pro-
pellant contact angle. If certain organic contaminants (stearic
and oleic acids, paraffin oil, etc) are present in sufficient quan-—
tity, propellant contact angles may increase to a point where opera-
tion may be seriously compromised, as discussed. Cleaning proce-~
dures must, therefore, be selected and used so contaminants that
degrade propellant or propellant/material compatibility like oxide
coatings (the major cleaning concern for the l-g designs) and con-
taminants that cause an increase in contact angle are minimized or
eliminated.

Based on various cleaning procedures usually employed for aero-
space tankage application (Ref V-8), the use of acid-type cleaning
techniques as the sole cleaning process (Chapter IV) does not re-
move contaminants that affect contact angle. Pure alkaline clean-
ing procedures (Ref V-8) are satisfactory, although prior acid
cleaning does degrade their effectiveness. A vacuum—annealing
process removes the type of contaminants that affect contact angle
and has the added advantage of being able to remove oxides, as
does acid cleaning. Acid-type cleaning techniques, therefore, can-
not be the sole cleaning process. Rather, acid cleaning must be
followed by an alkaline cleaning technique or possibly a vacuum-
anneal. For these reasons, the following cleaning procedures are
recommended for the low-g design of Missions A; and B:

1) Prior to assembly, all parts (except the tank and out-
flow port assemblies) should be cleaned by vacuum an-
nealing. Since the tank and outflow port assemblies
cannot be vacuum-annealed and yet must be cleaned of
all oxides, an acid cleaning process will be used;

2) An alkaline cleaning process should then follow for
complete cleaning. As with the l-g testable designs,
all joining processes should be performed under strict
cleanliness and inert atmospheres;

3) The last cleaning operation (acid cleaning, followed
by an alkaline cleaning) should be performed after the
final tank closure weld has been made.

Considering Mission Aj, the effect of contaminants on the OF,
and BoHg contact angles is practically nil, due to their very low
surface tensions. No contaminant will survive when exposed to OF,.
Therefore, contaminants increasing contact angle are not a serious
concern for Mission A;. It is an academic consideration, however,
since for fluorine service, no contaminant, whether it affects con-
tact angle or not, can be tolerated. Therefore, the same cleaning
procedures as recommended for Missions A, and B, should also be ap-
plied to Mission A;. Also, as with the l-g designs, use of GF, for
passivation prior to propellant loading is recommended. The sim—
plicity of the Fruhof design does allow it to be cleaned easily.
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C. OPERATIONAL DISCUSSION

1. Prelaunch

A major attractiveness of the simple ullage standoff post de-
sign is that there are no special handling and loading requirements
(except for the need for cleanliness). The design provides no
place for ullage to be trapped during loading, and tilting after
loading is of no concern. There is no special restriction on emp-
tying and refilling cycles resulting from checkout procedures dur-
ing prolonged holds on the launch pad.

2. Boost Phase

The high-g environment during boost, along with slosh and vi-
bration, are structural considerations only. The design is rigid
and can easily meet the launch loads.

Launch with the tank outlet pointed away from Earth, as with
Mariner '71, presents a problem in that the ullage may be forced
into the propellant feed line and trapped after insertion into the
low-g space environment. If an inverted tank attitude is a launch
requirement, one of several options could be incorporated in the
design. For example, a fine mesh screen at the coverplate will
prevent gas from entering the feed line. An overboard vent of the
feed line in zero g could also be used to refill the line with 1li-
quid. Another option is a capillary pumping system to bring liquid
back into the feed line while displacing ullage. Also, the tank
could be initially pressurized at a low level with propellant vapor.
Once in zero g, the tank pressure would then be raised with pres-—
surant to collapse any vapor in the feed line. The choice of a
given method will, of course, depend on particular mission re-
quirements.

At boost-thrust termination and entrance into low g, the liqg-
uid free-surface relaxes from its nearly-flat, high-g configuration
to a near—-spherical shape. The addition of the wvehicle structural
relaxation and slosh kinetic energy may conceivably cause suffic-
ient turbulence to produce a number of small ullage bubbles. Some
might locate at the outlet coverplate and, at engine startup, may
be drawn into the feed line, particularly if the thrust buildup is
sufficiently slow. Drop tower studies (conducted at Martin Marietta,
Ref V-21) of the slosh amplification at the step transition from
1 to zero g indicate that the fluid motion is not violent enough
to break up the ullage into small bubbles. However, these data
are qualitative. While the possibility of gas ingestion by this
mechanism appears remote for the missions of interest, further
verification is merited.
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The transient motion associated with small ullages as in Mis-
sions A; and A,, (nominally 10%) is illustrated in Figure V-8.
The liquid motion created by the free surface reorientation carries
the ullage bubble from the top of the tank to the bottom. With
the Fruhof pillar, for Mission A; and A, the ullage bubble will be
repulsed and kept away from the outlet. The drop tower tests of
the Fruhof concept conducted under this study show that the boost
termination phase of the Ay and A, Missions presents no hydrodynamic
problems.

3. Low-g Phase

Following the decay of propellant sloshing caused by stage
separation, the spacecraft will reorient itself to a celestial ref-
erence, e.g., the sun on the Z-axis and a star, Canopus, on an off-
axis (Ref V-22). The continuous thrusting levels of the attitude
control system during roll, pitch, and yaw maneuvers to gain celes-
tial reference may be sufficiently large to move ullage over the
tank outlet (Table II-2 and II-4). However, the ullage will not
enter the feed line because of the small drain holes in the outlet
coverplate., Once celestial reference is attained, and the contin-
uous thrusting ends, the communication channels will providé a path
for liquid to reorient over the outlet in the designed maximum sta-
bility configuration. The periodic ACS thrusting to maintain celes-
tial reference is of such short duration relative to the low-g
liquid characteristic response time, Vpr§/0 , that disturbance of
the liquid will be slight unless the ACS thrust period is near the
natural slosh period of the liquid. Then the small slosh energy
can accumulate, eventually yielding large amplitude liquid motion.
Analysis of slosh effects has not been possible within the scope
of this program.

Prior to all engine firings, the spacecraft must be aligned on
the desired thrust axis. This requires switching to an inertial
reference, then executing a roll motion to align the pitch plane,
pitching to align the thrust axis as desired, and then executing
a second roll to align the spacecraft antenna toward Earth. This
continuous thrusting may cause ullage to be oriented over the out—
let. The Bo associated with the roll maneuver thrust on Mission
Ay 1s about 20 for the oxidizer and about 4 for the fuel. These
are sufficient to move the propellants to one side of their tanks,
exposing the Fruhof pillars to ullage for the low liquid levels
following orbit insertion. The acceleration is not large enough
to break ullage into the outlet line, however (by 3 orders of mag-
nitude). The roll coast required to align the pitch axis develops
a centrifugal Bo of less than 0.7 for up to 500 sec, which is
sufficient to orient all but a small amount of the liquid away
from the outlet (Fig. V-10).
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The roll-pitch-roll maneuvers to align the vehicle thrust axis
on Mission Aj; will keep the liquid propellants against the tank
walls and removed from the outlet. After completion of the man-
euver and the return to the 10~7 g environment, the propellants
will again reorient over the tank outlets. A period of time is
needed between these maneuvers and the next engine firing to guar-
antee liquid reorientation over the outlet. An estimate of re-
orientation time can be made using the parameter, Vprglo. For the
missions and propellants of this study, the estimate ranges from
100 to 500 seconds.*

At the start of engine thrust, the curved zero—g free-surface,
when held axisymmetric by the standoff post, will settle to a
nearly—-flat surface for each propellant and mission of this study.
For Missions Aj; and A;, the tanks are not necessarily on the thrust
axis since a large gimbal cone angle (9 to 12°) is possible. The
off-axis thrust can cause an asymmetric slosh wave during settling,
as observed in drop tower experiments (Ref V-21). These effects
on the attitude control system requirements are of concern and
should be examined further.

Missions A; and A, expend 90%, or more, of the propellant load
to enter the Mars orbit. A number of short burns is then required
for orbit trims, maneuvers for the Mars/Lander separation, and
possible orbit changes for mapping studies. The ullage standoff
pillar with its communication channels is particularly suited to
these mission requirements since it tends to keep propellant over
the outlet, preventing any large accumulation of propellant at
regions removed from the outlet area. In addition, there is no
limitation on the number of burns that can be made in orbit.

The thermal environment and associated effects on the propellant
and acquisition device were divided into two categories in this pro-
gram. The first was the normal steady-—state environment of the
spacecraft as influenced by hardware, solar heating, radiant cool-
ing, etc. The second was the transient environment due to heat
soakback following an engine burn. The significance of heat soak-
back increases with the burn duration.

The thermal control system of the spacecraft will control the
propellant temperature within the allowable range, tending to mini-
mize any effects which the thermal environment may have on the pro-
pellant acquisition device. It is, however, desirable that the

*I1f the reorientation time were critical, programming of the
desired thrust alignment would have to be planned and executed
earlier to allow for liquid resettling over the tank outlet.

V=41
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acquisition device operate efficiently in the worst probable ther-
mal environment. Therefore, an investigation was conducted to
evaluate and estimate the magnitude of these effects assuming an
uncontrolled thermal environment. Two potential problem areas were
recognized. The first is the establishment of a propellant vapor-
ization-condensation cycle. The propellant located in the tank
outlet would be heated, vaporized, and condensed at the cooler
forward end of the tank. This cycle is similar to that for a heat
pipe. The net result could lead to some loss of liquid from the
reservoir of the Fruhof device (similar to the effect noted in
Chapter IV for the minus l-g device). A second potential problem
is the drying of the liquid reservoir due to thermocapillary flow.
Thermocapillary flow occurs when a temperature gradient exists
along a gas/liquid interface and produces a gradient in surface
tension. The surface tension gradients produce tangential shear
forces which, if of sufficient magnitude, will pump the liquid
from a hot to a cooler region, Temperature gradients along the
gas/liquid interface are produced by relatively high heating rates
at, or near, the location of the liquid, as discussed later.

The results of the propellant vaporization investigation (Chap-
ter IV) conducted for Missions A; and A, showed that significant
vaporization may occur only with the oxidizers (OF, and N504).

This vaporization will occur at the gas/liquid interface. For the
Fruhof, the estimated amounts of vaporization do not present a
problem since the propellant remaining is adequate for engine re-
start. Also, any vaporized propellant condensed at the forward
end of the tank (or other regions) would be pumped back into the
reservoir.

The effect of thermocapillary flow is described by Larkin
(Ref V-23), and its magnitude is measured by the Marangoni number.
The Marangoni number must be on the order of 10° before thermo-
capillary flow is significant. The Marangoni number is a function
of physical and thermodynamic fluid properties, heat flux, and
bubble radius. Of the three missions, only A; may yield great
enough heat fluxes, due to the engine heat soakback following the
orbit insertion burn, for thermocapillary flow to be significant.
Using available engine heat soakback data for Mission A;, the heat
fluxes were estimated to be approximately 3.7 Btu/ft?-hr. Even
for this possible case, in order for thermocapillarity to be sig-
nificant, i.e., Marangoni number 10°, the bubble radius would have
to exceed the tank radius for the N,0, and MMH Mission A, propel-
lants.
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VI. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The basic conclusion of the two-phased program is that passive
devices are the best means to provide gas-free liquid propellant,
as required, for the Mars and Grand Tour missions. Two kinds of
propellant acquisition devices —- the simple Fruhof designs (Chap-
ter V) and the more complicated screen trap systems (Chapter IV)
-~ were judged to be the most reliable and lightest for long
duration (up to 10 yr) planetary flights. In addition, they are
not explusion cycle limited, nor constrained to a particular
tank geometry.

Volume I is recommended to the propulsion designer as a guide
to understanding the basic operat}onal principles and design cri-
teria for the various propellant acquisition concepts developed or
being developed. These concepts include dielectrophoresis, poly~-
meric bladders and diaphragms, metallic bladders and diaphragms,
bellows, surface tension systems, external settling rockets, capil-
lary/bellows, and start tanks. Since each concept poses certain
distinct advantages and disadvantages, a numerical rating technique
was established to aid the designer in selecting the best acquisi-
tion system for the particular mission. This rating method,
which considers availability, compatibility, reliability, testabil-
ity, mass, and design versatility, was used to show that surface
tension systems were clearly best for each of the three baseline
missions censidered.

The following conclusions also resulted from the Phase I com-—
parative effort:

1) Propellant tank subsystem - The two-~tank configuration
is preferred for Missions A; and A,; spherical tanks
are best for all three missions; and all-metal tanks
[2219 aluminum (Mission Aj) and 6A%-4V titanium
(Missions A, and B)] are recommended over composites;

2) Pressurization subsystem -~ Helium is preferred over
nitrogen because of its weight savings for all three
baseline missions. A single, spherical storage tank
constructed of 6AL-4V titanium is best. The storage
spheres for Missions Aj; and A, should be loaded with
helium to 4000 psia at nominal propellant temperature
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(250°R for A; and 500°R for Ap). For the Mission B
blowdown system the propellant tank with 50% ini-
tial ullage should be pressurized to 350 psia with
helium (nominal propellant/pressurant temperature is
500°R) ;

3) Propellant acquisition subsystem - Surface tension sys-
tems were rated best for each mission; they are 28%
better than the second-best system for Mission A;,
26% better for Mission A,, and 697 better for Mission
B. The preferred materials are aluminum (Mission Aj)
and titanium (Missions A, and B).

Based on the surface tension designs presented in this report,
the Fruhof concept is preferred for each baseline mission because
of its simplicity and inherent reliability. However, it is not
testable under ~1 g, as are the fine-mesh trap designs. The added
complexity, with regard to fabrication, cleaning, and handling
makes one question the l-g test requirement, particularly because
it doesn't, by itself, verify the operational capability of the
device.

B. RECOMMENDATIONS

The following recommendations are presented separately for
each of the two different surface tension designs.

1) Fine mesh screen designs (testable at -1 g) - The
following fabrication and analysis areas are identi-
fied as requiring additional work: forming of tita-
nium, twilled screen; compatibility of brazed alumi-
num joints; slosh analysis and coverplate structural
analysis; and the overall thermal analysis. The fab-
rication considerations could be easily resolved as
part of a prototype build program. The thermal anal-
ysis requires a better definition and refinement of
the mission environment and engine heat soakback cri-
teria (Chapter IV). This is particularly true for
the space storable propellants, OF, and BoHg. An
analytical model should be developed and modified, as
required, by data obtained from engine firings;
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Fruhof surface tension systems ~ This unique device
is the more attractive of the two concepts analyzed
and designed during this program (provided that the
requirement for testing at minus 1 g is eliminated)
It poses no hardware~type problems: however, because
it cannot be demonstrated under 1 g, we recommend a
program to further verify its performance. One ef-
fective means is to use numerical experimentation with
a computer model of the low-g fluid dynamics. The
numerical model should be broad enough to describe
the performance of Fruhof designs during critical
mission periods,

This program would include an experimental effort to
qualitatively evaluate critical mission phases (such
as outflow initiation) and liquid response to pertur-
bations (such as ACS thrusts), Variations in the
value of contact angle due to contaminants and aging
need further investigation, based upon our review

(Ref VI-1 to VI-4), The aging effects are of particu-
lar importance because of the long mission durations
of one to ten years. Acceptable cleaning techniques
should be experimentally verified and documented. The
testing, in addition to l-g bench tests, should be
done in the controlled acceleration environment of the
drop tower and possibly in the KC~135 aircraft. The
latter provides an order of magnitude increase over
the two-second test interval of the drop tower. Even
longer weightless periods are needed, however, to
evaluate performance with full-scale tankage. An or-
bital experiment is recommended to accomplish this.

VI-3
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